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Micro- and nano-particle adhesion plays an important role in many industrial fields, 
for example, in microelectromechanical systems (MEMS, affecting fabrication yield and 
operation), in printing (transfer toner particles onto substrates), in coating and paints 
applications (adhesion of powder paint), or in composite materials (reduce filler-filler 
adhesion and enhance filler-matrix adhesion). In all of these examples, the particle-particle 
and particle-substrate interactions govern many aspects of process and product design. 
These complex interactions are determined by material properties (for example, the 
Hamaker constant and elastic modulus), particle size and shape, surface properties (e.g., 
surface energy and roughness), external load, humidity and electrostatic charges. Particle-
particle and particle-substrate adhesion have been the focus of intense study; however, they 
have not been fully understood. The purposes of this study are to 1) understand particle-
particle adhesion mechanisms of complex structured microparticles, and 2) tailor particle-
polymer matrix adhesion for enhanced mechanical performance of polymer composites. 
Two biomaterial particles, micro-sized pollen grains and nano-sized cellulose nanocrystals 
(CNCs), were used as model particles for these two purposes, respectively.   
In this work, the morphology effect of pollen exine on pollen-pollen interaction was 
characterized with atomic force microscopy to reveal the unique interaction mechanism. A 
hybrid interaction model was developed to capture the effect of the micro-structured 
morphology. Meanwhile, the elastic modulus of pollen exine was analyzed for the first 
time to understand the effect of mechanical properties on pollen-pollen interaction. In the 
second part of this work, cellulose nanocrystals (CNCs) were chemically modified and 
 xvi 
rendered acrylic functional groups on the surfaces. The particle-matrix interaction was 
tuned to utilize the reinforcing effect of the modified CNCs. Three different processing 
methods were developed to optimize the reinforcing benefits from the modified CNCs. 
Overall, this work presents new insights for effects of surface physical (morphology 
and mechanical property) and chemical properties on particle-particle and particle-matrix 
adhesion. Pollen grains were investigated as a model of complex structured microparticles, 
and a unique particle-particle interaction due to the complex morphology was revealed. 
The elastic moduli of pollen shells were firstly characterized with direct measurements. In 
the second part of this work, a chemical modification route was developed for cellulose 
nanocrystals to improve the particle-matrix adhesion and compatibility. The results of his 
work provided new considerations for material applications including paints, coatings, 
drug delivery, and composites, among others. 
 1 
CHAPTER 1. INTRODUCTION 
1.1 Background 
Particles are all around us in the environment in great abundance, including but not 
limited to pollens, dusts, bacteria, fibers, metals, metal oxides, etc. They are related to many 
natural phenomena like pollination process[1], surface contamination[2, 3] and allergen 
transportation[4, 5]. Particles are also often involved in various industrial processes, such 
as pharmaceutical industry[6], coating and paints industry[7], printing industry[8], and 
composite material industry[9], etc. Particle-particle and particle-surface adhesion are of 
great importance in these natural phenomena and industry processes. For example, in 
microelectromechanical system (MEMS), particle-surface adhesion has a dramatic effect 
on the performance of MEMS device and is a major fabrication yield loss factor.[10] In 
pharmaceutical industry, particle-particle adhesion has a great influence on powder 
handling process such as granulation, milling and powder inhaled drugs.[6] In composite 
materials, good particle-matrix adhesion enhances tensile strength dramatically.[11] 
Complex particle-particle and particle-surface interactions are determined by material 
properties (for example, the Hamaker constant and elastic modulus), particle size and 
shape, surface properties (surface chemistry and roughness), external load, humidity and 
electrostatic charges, etc. Both physical and chemical interactions can affect particle 
adhesion. Physical interactions include van der Waals forces, mechanical interlocking, and 
electrostatic forces. Chemical interactions include ionic forces, covalent bonding and 
hydrogen bonding. Although particle-particle and particle-surface adhesion have gained 
intense investigations, there is still a large blank field to be explored on both physical and 
 2 
chemical aspects of adhesion. For physical adhesion, one example is that the adhesion 
between smooth microparticles with simple shape (spheres, cylinders and cones) has been 
well studied and predicted with either experimental or computational method.[12] [13-16] 
However, the adhesion of microparticles with complex morphology or irregular shape is 
still unclear. Another example for chemical aspect of adhesion, material scientists keep 
seeking ways to tailor particle-matrix adhesion to continuously improve properties of 
composite materials.[11, 12, 17, 18] Therefore, this work aims to explore both physical 
and chemical aspects of micro/nano particle adhesion. Two bio-particles with great 
emerging potentials in various application, pollen and cellulose nanocrystals (CNCs), were 
studied. Herein, we introduce some backgrounds and prior researches of particle adhesion, 
pollen grains, and CNCs. In section 2, basic physical principles of adhesion are discussed. 
In section 3, properties of pollen grains are discussed in terms of structure, chemistry, 
mechanical properties and applications. In section 4, basic background of CNCs and 
CNCs/polymer composites are introduced. 
1.2 Basic physical principles of adhesion 
1.2.1 Dry adhesion based on van der Waals approach 
The adhesion between microparticles can be generally classified into two 
categories: dry adhesion dominated by van der Waals (vdW) force[19]，and wet adhesion 
governed by capillary force and viscous  force[20]. Some other forces may also give 
contributions to either dry or wet adhesion, such as electrostatic force and hydrogen 
bonding[21, 22]. Although vdW force is usually much smaller than hydrogen bonding, 
ionic bonding or covalent bonding, it makes the most contributions to the attractive forces 
 3 
between surface and micro/nano-sized particles, due to its longer interaction range (0.2~10 
nm) than the other inter- or intramolecular bondings (0.1~0.2 nm)[22, 23]. VdW forces are 
the main source of dry adhesion between neutral mircoparticles in air, as well as the 
adhesion of many insects and reptiles that is governed by nano- to micro-scale contacts of 
fibrillar structures, on arbitrary surfaces in nature[19, 24]. The total vdW forces consist of 
three contributions: permanent dipole-dipole (Keesom force), dipole-induced dipole 
(Debye force) and induced-induced dipole (London dispersion force) interaction. London 
dispersion forces make the most important contribution, since they are always present. 
In order to predict the dry adhesion force based on vdW forces, especially 
dispersion forces, different models were developed. In 1937, Hamaker investigated the 
adhesion between two spherical particles. By assuming pairwise non-retarded additivity of 
the interaction energy, the vdW interaction was computed by summing the energies of all 
atoms in one particle with all the atoms in the other, and thus obtain the adhesion force (or 
adhesion energy) as a function of the diameters and the distance separating particles[13]. 
According to Hamaker’s theory, the vdW force between two spherical particles can be 








 𝐴 = 𝜋2𝐶𝜌1𝜌2 (1-2) 
Where A132 is the non-retarded Hamaker constant, which represents the interacting strength 
between particle 1 and 2 consisting of atoms with induced dipoles across a medium 3; 𝑅 is 
the radius of the interacting particles, D is the cutoff separation distance between two 
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contacting particles, which is approximated as 0.165 nm,[25] C is the London-van der 
Waals constant, ρ is the number density of the atoms in the two particles. Although the 
adhesion force is negatively proportional to D2 as equation 1-1 suggested, it begins to decay 
more rapidly at distances beyond about 5 nm due to the retardation effects[23] (Figure 1.1). 
Theoretically, Hamaker’s method can be applied to arbitrary geometries. Figure 1.2 shows 
the vdW interaction and force between common geometries. 
 
Figure 1.1 Attractive van der Waals force F between two curved mica surfaces of 
radius 𝑹 ≈ 𝟏 𝒄𝒎 measured in water and aqueous electrolyte solutions. It showed 




Figure 1.2 Van der Waals interaction energy and force between macroscopic bodies 
of common geometries. This figure is taken from reference [23]. 
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However, Hamaker’s method and definition of A in equation 1-2  ignore the 
influence of neighbouring atoms on the interaction between any pair of atoms. In order to 
avoid the problem of additivity, in 1956, Lifshitz reported another method, where the 
atomic structure was neglected and the contacting bodies were treated as continuous 
media.[26] Lifshitz’s method is based on quantum field theory. Hamaker constant is 



























where ε1, ε2 and ε3 are the static dielectric constants of the three media, ε(iv) are the values 
of ε at imaginary frequencies, and vn =(2πkT/h)n=4×10
13n s-1 at 300K. It is worth noting 
that all the expressions in Figure 1.2 for the interaction energies and forces remain 
unchanged even within the frame work of continuum theories. 
 When surface roughness, i.e. the asperities on a smaller scale compared to the 
characteristic length of the contacting bodies, are considered, the problem is more 
complicated than the adhesion between particles with common simple geometries. It is 
well-known that surface roughness can reduce dry adhesion and increase the standard 
deviation of the pull-off force measured by atomic force microscopy(AFM) [27-29]. Given 
the universality of Hamaker’s method for arbitrary geometries, two models were developed 
based on Hamaker theory to take the effect of surface roughness into account. Rumpf 
treated the surface roughness as hemispherical asperities, of which the centre is located at 
the surface[30]. However, Rabinovich et al. found that Rumpf’s model is not accurate, 
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since the center of asperities are usually not at the surface. Instead, they introduced the 
root-mean-square (RMS) roughness into Rumpf’s model with the center of asperities lying 
on the surface. Rabinvoich’s model was further modified by introducing new parameters 
like the breadth of asperities and the second order roughness.[31, 32] However, all of these 
models were specifically developed for the nanoscale roughness of the surface, which is 
much smaller than the systematic scale. That means, when the asperity size approaches the 
particle size itself, these models are not sufficient to describe the adhesion between these 
particles anymore. In addition, few models considered the roughness on both particles and 
surfaces, whereas the roughness is not limited on the only one of the contacting particles 
or surfaces. 
1.2.2 Dry adhesion based on contact mechanics 
In 1882, Heinrich Hertz developed a contact model to describe the deformation 






where (R) is the radius of the spheres. The relationship between the applied force (F) and 


















where E1, E2 are the Young’s moduli, and v1, v2 are the Poisson ratios of two spheres, 
respectively. In Hertzian theory, the contact area is zero when there is no external load, 
since the intermolecular forces between contacting bodies were ignored. Derjaguin firstly 
considered the adhesion of elastic particles with their deformation[34]. In, 1971, Johnson, 
Kendall, and Roberts (JKR) developed a model based on the Hertz model, and assumed 
that the intermolecular forces act only within the contact area (Figure 1.3a).[35] The 
authors deduced that the force of adhesion between a sphere and a flat surface is determined 






where FJKR is the adhesion, R is the radius of sphere, and W12 is work of adhesion. An 
alternative approach was suggested by Derjaguin, Muller and Toporov (DMT)[36]. The 
DMT model considers the action of van der Waals forces along the contact area (Figure 
1.3b). In this case, equation 1-6 becomes: 
 𝐹𝐽𝐾𝑅 = 2𝜋𝑅𝑊12 (1-7) 
In 1992, an intermediate model was developed by Maugis [37]. The Maugis model 
considers the effect of surface forces in a ring zone surrounding the Hertzian region of 







where the JKR model applies at λ>5 and the DMT model applies at λ>0.1. Nevertheless, 
all these Hertz-based model didn’t take the influence of separation distance into account 
for adhesion. When contact surfaces have roughness or complex morphology, the 
assumption of complete contact doesn’t stand any more. Therefore, these Hertz-based 
model were not valid for rough or structured surfaces. Instead, the Hamaker method is 
often used to deal with rough surfaces and complex geometries. 
 
Figure 1.3 Regions of surface forces action according to (a) the JKR model, (b) the 
DMT model, and (c) Maugis model. Figures are taken from reference [33]. 
1.2.3 Adhesion theories in composite materials 
For enhanced polymer composite performance, a good dispersion of fillers in 
polymer matrix and strong filler-matrix adhesion are desired. The degree of particle 
dispersion is highly dependent on the surface chemistry of particles and particle-polymer 
matrix interaction. From a surface energy view, good adhesion can be achieved with 
optimized interfacial energy of the particle and polymer matrix, as well as sufficient 
wetting of the particle with the polymer. As shown in Figure 1.4, the interfacial adhesion 
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between two bodies of the same material can be considered as the energy required to create 
two new interfaces of a homogeneous material (work of cohesion, Wc), and the interfacial 
adhesion between two bodies of different materials can be considered as the energy 
required to separate two dissimilar surfaces (work of adhesion, Wa). The relation between 
work of cohesion/adhesion and surface energy can be presented as[38]: 
 𝑊𝑐 = 𝑊11 = 2𝛾1 (1-8) 
 𝑊𝑎 = 𝑊12 = 𝛾1 + 𝛾2 − 𝛾12 (1-9) 
Where in as composite system, γ1 represents the surface energy of the polymer, γ2 
represents the surface energy of the particle, and γ12 represents the interfacial energy of the 
particle/polymer interface. It is worth noting based on equation 1-9 that minimizing the 
particle/polymer interfacial energy would give a maximum work of adhesion. Previous 
studies have showed that the minimum value of the interfacial energy can be achieved by 
equating the surface energy of the particle and polymer. Given the surface energy of certain 
polymers, the surface energy of filler particles is often optimized to enhance the interfacial 
adhesion by modifying the filler surface chemistry. 
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Figure 1.4 A schematic illustration representing the theoretical work of cohesion (a); 
and adhesion (b). 
In addition to the work of adhesion, sufficient wetting of the polymer solution/melt 
on filler particles is also critical to achieve an intimate interfacial contact. Spreading 
coefficient is usually used to describe the wetting behavior as: 
 𝑆12 = 𝛾2 − 𝛾1 − 𝛾12 = 𝑊12 − 𝑊11 (1-10) 
A positive or zero spreading coefficient would result in spontaneous spreading, while a 
negative spreading coefficient leads to insufficient spreading. Therefore, maximizing the 
surface energy of the particle (γ2), and minimizing the surface energy of the polymer 
solution/melt and the particle/polymer interfacial energy would lead to the most favorable 
wetting condition. However, comparing equation 1-9 with 1-10, there is a tradeoff between 
the maximum work of adhesion (Wa) by maximizing the surface energy of the polymer 
(γ1), and the maximum spreading coefficient by minimizing the surface energy of the 
polymer (γ1). Even though, minimizing the interfacial energy (γ12) and maximizing the 
surface energy of the particle (γ2) would result in favorable adhesion and wetting condition. 
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 A common method to analyze the surface energy and work of adhesion of polymer 
surface is by employing the Van Oss Chaudhury-Good method (three-liquid acid-base 
method).[39] In the Van Oss-Good theory, the work of adhesion is analyzed with a van der 
Waals (γvW), acidic (γ+), and basic (γ-) contribution. The contact angle of three test liquids 
are measured on the solid surface of interest, including an apolar liquid and two bipolar 
liquid, which have similar contributions to the acidic and basic components of surface 
energy. Thus, the following equation can be used to calculate the solid surface energy: 
 













 𝑊𝑎 = 𝛾𝑙(1 + 𝑐𝑜𝑠𝜃) (1-12) 
Three equations can be generated based on the surface tensions and contact angles of three 
test liquids on the solid surface. The dispersive, acid and base component of the surface 








1.3 Pollen exine as a model particle with complex microstructured morphology 
1.3.1 Pollen grains structure 
Pollen grains carry male gametes for plant reproduction. The size of pollen grains 
typically ranges from 5 microns to larger than 200 microns[40]. Pollen grains have evolved 
a highly chemical and thermal resistant shell, varied surface features, and pollenkitt, a 
liquid substance on the surface, to promote transmission and germination. Mature pollen 
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grains possess a number of extracellular and intracellular features as shown in Figure 1.5, 
which can be divided into three domains from outside to inside: 1) pollenkitt, 2) exine and 
3) intine. Pollenkitt is a viscous adhesive coating on pollen shells, which is mainly located 
in the cavities and surface of the exine. It is known to provide protections for pollen against 
water loss and facilitate pollen dispersal. Beneath the exine, there is a layer called intine, 
which is primarily composed of cellulose.[41] The most of the interior of the pollen grain 
is a large vegetative cell. 
 
Figure 1.5 Ultrastructure of a typical mature pollen grain. Extracellular features 
include the inner intine, outer exine, and pollen coat (pollenkitt) filling the cavities 
of the exine sculpture. The image is taken from reference [42, 43]. 
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The most interesting domain is exine, i.e. the outer pollen wall. The exine layer 
exhibits a great diversity of surface morphology and intricate sculptured patterns. It is 
believed that these evolutionary-optimized surface structures are critical for successful 
dispersal and transport. The exine wall of anemophilous (wind-aided dispersal) pollen 
species is often modified to enhance buoyancy. While the exine wall of entomophilous 
(insect dispersal) and zoophilous (vertebrate dispersal) pollen species often bears surface 
spines to enhance the adhesion[40]. Recently, the morphology effect of pollen exine on 
pollen-substrate adhesion has gained intense investigations. Thio et al. studied the adhesive 
behavior of ragweed (A. artemisiifolia) pollen on common indoor surfaces[44]. It was 
proven that van der Waals foces dominates the pollen adhesion on those studied surfaces. 
In addition, it was pollen spines which mainly contacted with surfaces, and the total 
adhesion scaled with the number of spine contacts. Lin et al. performed quantitative studies 
of the effects of exine surface structures and pollenkitt on pollen adhesion[45]. The results 
indicated that with pollenkitt removed, pollen adhesion is scalable with the tip radius of 
the pollens surface features (spines or rods). In addition, the adhesion of clean pollens is 
independent of surface chemistry. In another work by Lin et al., the species-specific 
morphology of pollen grains was demonstrated to facilitate the pressure-sensitive adhesion 
with plant stigma, which is critical for the pollination process[46]. Moreover, the 
morphology of pollen exine was utilized as bio-template for fabricating metal-oxide 
magnetic replicas[47],[48] magnetic-core particles[49] and metallized shells[50] with 
unique combinations of multimodal adhesion and optical properties. 
Although the morphology effect of pollen exine on pollen-surface interaction has 
been studied, there exist no quantitative studies of the morphology effect on pollen-pollen 
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interaction. Furthermore, the ornamentation feature on pollen exine presents greater size 
than common surface roughness, and bears complex hierarchical structures, which are hard 
to be captured by existing adhesion models. 
 
Figure 1.6 Surface sculpturing elements of pollen taken from reference [51]. 
1.3.2 Pollen exine chemistry 
The exine layer of pollen grains is composed of sporopollenin. It has been 
demonstrated that sporopollenin is insoluble to known solvents and extremely resistant to 
non-oxidative physical, biological and chemical degradation[52]. Sporopollenin is a 
generic term for the constituents of exine and may kinds of spores. Distinct NMR spectra 
of the exines from different plant species indicate that sporopollenin from different pollen 
species are distinct substances[53]. Therefore, sporopollenin is a class of biopolymers 
rather than a specific macromolecule. Due to the insolubility of sporopolleinin in most 
acids and solvents, the chemical analysis of sporopollenin is limited to solid state 
techniques. Many efforts have been taken to unveil the structure of sporopollenin with 
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FTIR, solid state NMR and pyrolysis techniques. FTIR spectra suggest that the main 
structure of sporopollenin is a simple aliphatic polymer with aromatic and conjugated 
groups in the side chains[54]. Phenols are identified specifically trough the detection of 4-
hydroxy-cinnamic acid from NMR spectra[55]. Alkyl chains containing at least ten CH2 
groups are detected and the polymers are linked via ether bridges[56]. Pyrolysis GC-MS 
indicated the presence of both p-coumaric acid and ferulic acid[57]. Solid state NMR and 
pyrolysis results indicated a tentative structure for sporopollenin, shown in Figure 1.7, in 
which long-chain (C24-C28) highly aliphatic units form the backbone of sporopollenin with 
cinnamic acids as cross-linking units 
 
Figure 1.7 Proposed structure of sporopollenin building blocks taken from reference 
[58]. 
1.3.3 Mechanical property of pollen exine 
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The mechanical properties of sporopollenin are rarely reported in the literature, but 
they are of great importance to the natural protective performance and adhesion behavior 
of pollen shells. For example, it was shown recently that the spines on sunflower and 
ragweed pollen particles can lock onto similarly-sized features on flower stigma surfaces, 
resulting in pressure-dependent adhesion behavior.[46] High modulus could support this 
unusual particle adhesive function, because of the frictional forces that would arise when 
pollens are pressed onto stigma hair features. In addition, some researchers reported that 
the mechanical properties of pollen shells were of great importance to understanding the 
contaminant adhesion on gecko skin.[3] The pollen modulus and its dependence on relative 
humidity are also expected to be important in the process of harmomegathy, in which 
desiccating pollen grains fold inwardly and lessen water loss by blocking pollen 
apertures.[59] This water-induced folding and its reversal upon rehydration at the stigma 
is dependent on modulus, and yet the dependence of sporopollenin modulus on water vapor 
exposure is unknown. Two somewhat-indirect measurements of the modulus of pollen 
shells have been reported. Liu et al. used a micromanipulation technique to measure the 
product of the Young’s modulus and wall thickness (E×h) of desiccated ragweed pollen to 
be 1653 ± 36 N/m under compression.[60] To obtain this value from compression data, a 
model of the pollen shell was required, and the pollen grain was treated as a smooth, 
spherical capsule with an air-filled core and an impermeable wall. On the other hand, while 
the pollen shell is actually a porous wall with elaborate surface morphology, thus a 
technique that does not require a morphological model would be desirable. Another paper 
used the Halpin-Tsai model with mechanical measurements of polymer-pollen composites 
to estimate the Young’s modulus of acid-base treated ragweed pollen to be 70 MPa.[61] 
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However, this approach depends on assumptions of the model, which neglects particle 
surface morphology and imperfections in the adhesive interface between pollen and 
polymer. A direct method that does not make assumptions about pollen shape or adhesion 
with a matrix is preferable for achieving accurate measurements of pollen exine mechanical 
properties. 
1.3.4 Atomic force microscopy for adhesion measurements 
Soon after the atomic force microscopy (AFM) was invented by Binnig, Quate and 
Gerber in 1986 for imaging, it was also used to directly measure the interaction between 
particles and surfaces[62]. Then, the so-called “colloidal probe technique” was introduced 
by Ducker et al. and Butt to use a specific particle with better defined geometry than AFM 
tip[63]. Thus, the interaction between particles and surfaces could be better interpreted. 
The combination of AFM and colloidal probe technique provides a powerful and versatile 
tool for the study of surface forces, especially for adhesion force. 
The process of measuring adhesion force by colloidal probe is identical to that of a 
standard AFM. The colloidal probe is mounted on the scanner, where the piezoelectric 
translator will bring the probe down to the substrate by applying a voltage onto the piezo 
actuator. Thus, the position of the probe will be recorded as the applied voltage, which can 
be converted to distance. Furthermore, a laser beam is reflected by the cantilever and 
monitored by a position sensitive photodiode, where the defection of the cantilever can be 
recorded and converted to the interacting force between the tip and the substrate. Finally, 
a force-distance curve can be obtained. The force-distance can be analyzed for different 
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types of forces and physical characteristics of particles and surfaces, such as adhesion, 
Hamaker constant and elasticity[64]. 
 
Figure 1.8 (a) SEM image of a colloidal probe; (b) schematic of an AFM[64]; (c) a 
typical force-distance curve. 
1.4 Polymer composite and cellulose nanocrystal 
1.4.1 Polymer composite overview 
Composite materials are defined as “solid product consisting of two or more distinct 
phases, including a binding material (matrix) and a particulate or fibrous material”, and 
filler is defined as “a relatively inert material added to a plastic to modify its strength, 
permanence, working properties, or other qualities, or to lower costs”, according to the 
ASTM standard D883-17. Although filler may bring financial benefits by reducing the 
volume of a more costly matrix if the filler is less expensive, the main motivation of 
developing composite materials is to achieve superior properties, for example, in 
mechanical performance. In many cases, there is a tradeoff between performance and cost. 
Therefore, an active research area is to tailor filler dispersion and filler-matrix interaction 
to optimized composite properties. As a result of the growth of plastics industry and the 
polymers commonly used with filler (polyvinyl chloride, polypropylene, and polyester), 
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global polymer filler market is expected to reach an estimated $49.1 billion by 2021. The 
growing filler industry provides a unique opportunity for scientific researches. Some of 
emerging areas of great importance include: nano-sized, low cost, conductive fillers, and 
surface modification technology. One example is to utilize carbon fiber and carbon 
nanotube for high performance composite applications such as automotive and aerospace 
parts. However, some weaknesses of the utilization of carbon nanotube and carbon fiber 
materials limited further advancements. For example, the toxicity of carbon nanotube can 
influence the manufacturing cost. Another example is that the extreme manufacturing 
condition of carbon fiber leads to high production costs and extra energy consumption. 
Therefore, more efforts are taken to explore more sustainable filler from bio-resources. 
One alternative bio-filler can be used to substitute carbon fiber and nanotube is cellulose 
nanocrystal (CNC). Cellulose nanocrystals possess attractive properties including: high 
mechanical strength and modulus, low density (higher strength than steel and 5 times less 
dense), high surface area, high aspect ratio, and a low coefficient of thermal expansion. 
The promising potential of CNCs has led to a great number of researches trying to 
incorporate CNCs into polymer matrix to achieve superior mechanical performance. 
 In order to understand the limitation of reinforcing the mechanical properties of 
polymer matrix with filler particles, it is important to discuss how the mechanical 
performance can be enhanced by adding filler particles. The most relevant mechanical 
properties to this work is tensile strength, and the relevant particle variables include, but 
not limited to: particle size, particle loading, particle dispersion and particle-matrix 
adhesion. Fu et al. gives a comprehensive review of such property relations with polymer 
composites and low aspect ratio particles, where the general trends hold for all types of 
 21 
particle[9]. To begin with, the tensile strength of a material is defined as the maximum 
stress that can be sustained under uniaxial tensile loading. Thus, the stress transfer between 
particle and matrix can determine the quality of reinforcement effect. It is intuitive that 
smaller particle size can result in higher surface area and thus a more efficient stress 
transfer. Moreover, a good particle-matrix adhesion is critical to transfer the stress between 
two distinct domains. When a discontinuity between particle and matrix exists, the particles 
cannot take any of the external load experienced by polymer, resulting in a weaker 
composite. Finally, higher particle loading usually increases the tensile strength until a 
critical point is reached. Beyond the specific critical point, larger particle aggregates can 
be formed, leading to a larger effective particle size. The lager particle aggregates can also 
reduce the particle-matrix adhesion by interacting with neighboring particles. 
 All particle variables discussed above have a significant role in the reinforce 
performance of composite materials. Although particle loading is easy to control, much 
more research efforts are taken to achieve better dispersion, avoid aggregations and 
improve particle-matrix adhesion for enhanced mechanical properties of composite 
materials. 
1.4.2 Cellulose nanocrystals as composite fillers 
Cellulose is the most abundant biopolymer in the world with an estimated 
production of 90 billion tons annually. The chemical structure of cellulose is known as a 
linear homopolymer composed of ringed anhydroglucose unit (AGU) as shown in Figure 
1.9. The repeat units are connected by covalently oxygen to C1 of one AGU and C4 of 
another AGU, known as the 1,4 β-glucosidic linkage. Each AGU has three hydroxyl 
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groups, belonging to C2, C3 and C6, respectively. Due to the large content of hydroxyl 
group and oxygen atoms, cellulose is very likely to form intermolecular hydrogen bonding 
with itself and other molecules containing electron donor and/or accepter groups. The 
formation of intermolecular hydrogen bonding between cellulose has been utilized for 
many products, while the most well-known product is paper.  
 
Figure 1.9 Chemical structure of cellulose. 
Biosynthesized cellulose molecules are assembled into larger units, such as 
elementary fibrils, microfibrils, and cell walls, etc. One of the building blocks of the 
hierarchical cellulose structures is cellulose nanocrystals (CNCs). CNCs are individual 
crystalline cellulose, which are extracted from bulk cellulose by separating amorphous 
cellulose from crystalline region with mechanical or chemical treatment. Sulfuric acid 
hydrolysis is one of the most common method to extract CNCs. The resulted CNCs has 
certain part of hydroxyl groups modified, and result in sulfate half-ester group. After 
neutralization, the resulted CNCs bears a negative charge (-SO3
-), leading to a stable 
aqueous suspension of CNCs due to double layer repulsion between CNC particles[65]. 
Moon et al. have given a comprehensive review for cellulose nanomaterials in terms of 
particle morphology, crystal structure, properties as well as an emphasis on cellulose 
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composites[66]. The unique properties of CNCs is responsible for its diverse range of 
applications. These properties include, but not limited to: high specific strength and 
modulus, high aspect ratio, low density, biocompatibility, low coefficient of thermal 
expansion, reactive hydroxyl surface, and especially renewability and sustainability[66]. 
Some of these properties make CNCs as a promising candidate as polymer composite 
fillers, such as high strength and modulus, low density and nano-size. CNCs have been 
used to reinforce a variety of polymer matrix, including both thermoplastic polymers such 
as polyethylene, polypropylene, polylactic acid and polymethylmethacrylate[67-70], and 
thermosetting polymers such as epoxy and polyurethane[71, 72].  
However, the largest obstacle of utilizing CNC for composite reinforcement is 
incompatible nature and difficult dispersion of CNC in polymer matrix, as well as poor 
interfacial adhesion between CNCs as polar, hydrophilic materials and polymer matrix as 
non-polar, hydrophobic materials[73]. Therefore, various surface modifications of CNCs 
have been explored to tune the surface chemistry of CNCs and optimized the compatibility. 
Among those methods, covalently attachment of molecules by utilizing the abundant 
hydroxyl groups on CNCs is one of the most useful approach to introduce hydrophobicity 
on CNCs surface. Esterification is one common approach where a variety of chemicals can 
form ester linkages with -OH groups, such as acid anhydrides and carboxylic acid 
halides[74]. Silane based surface modification is another way to change the CNCs surface 
from hydrophilic to hydrophobic. Mabrouk et al. used methacryloxypropyl 
trimethoxylsilane (MPMS) a coupling agent in the mini-emulsion polymerization of acrylic 
monomers with CNCs. It was proven to be an efficient approach for the one-pot synthesis 
of a stable nanocomposite latex[75]. Finally, isocyanate is also used as an alternative 
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chemical for esterifying agent, since it can with -OH groups to form urethane linkages. 
Siqueira et al. compared the surface modification of CNC and microfibril cellulose (MFC) 
by N-octadecyl isocyanate on thermal and mechanical properties of polycaprolactone 
(PCL) composite. Although the degree of substitution for CNC was only 0.07, the results 
proved that the modification considerably improved the composite properties[76]. 
1.4.3 Acrylic polymer composite 
Acrylic polymers represent a major class of commercial plastics and are utilized in 
a wide range of products and industries.  Two of the most significant are the paints and 
coatings and transparent high-strength plastics for windows (such as Plexiglas® and 
housewares). For example, acrylic surface coatings are the leading material used in the 
paint and coatings industry and are utilized in all three major market categories: 
architectural coatings, OEM product finishes, and special-purpose coatings. Acrylics are 
one of the fastest-growing sectors in the coatings industry; global sales of acrylic coatings 
were valued at roughly $20 billion (manufacturer's level), in 2012. Acrylic coatings now 
account for about 25% of all coatings. Waterborne acrylic coating (WACs) formulations 
have been developed over several decades to address mounting concerns over volatile 
organic compounds. The applications of WACs include industrial anti-corrosive primers 
for steel surfaces, topcoats to adjust sheen, and direct-to-metal primer finish coatings for 
appliances, automobiles, other equipment, and industrial maintenance. In addition, acrylic 
latex coatings are used in commercial and residential architectural paints to protect or 
decorate wood, metal, and other surfaces.  
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The objective of this invention is to develop scalable technology for the commercial 
utilization of cellulosic nanomaterials (CNs) and other cellulosic materials in acrylic-
containing products. 
 In this work, polymethylmethacrylate (PMMA) is used as a model polymer to 
demonstrate the reinforcing effect of vinyl group functionalized CNCs in acrylic matrix. 
PMMA, also known as acrylic glass or trade name Plexiglas, is a transparent thermoplastic 
often used in sheet form as a light-weight or shatter-resistant alternative to glass. PMMA 
is also an economical alternative to polycarbonate (PC), when tensile strength, 
transparency and UV tolerance are more important than impact strength, chemical and heat 
resistance.  Previously, A variety of organo-modified inorganic fillers have been 
incorporated in PMMA matrix, such as zinc oxide nanoparticles, titanium dioxide 
nanoparticles and montmorillonite (MMT) clay.[77-79] The results showed enhanced 
mechanical and thermal properties. Recently, CNCs were also incorporated in PMMA 
matrix with or without surface modification. Liu et al. prepared PMMA/CNC 
nanocomposite by first blending PMMA solution with unmodified CNC and then casting 
the mixture followed by drying processes.[80] The storage modulus of the nanocomposite 
showed evident enhancement. However, the transparency of composite material was 
significantly decreased. Sain et al. modified CNF with maleic anhydride followed by in 
situ polymerizing the modified particles with monomer.[81] Anzlovar et al. modified CNC 
with a reversible addition-fragmentation chain transfer (RAFT) agent. PMMA chains were 
grafted from the modified CNC surface. The resulted PMMA grafted CNCs were bulk 
polymerized with monomer, and showed enhanced tensile strength and impact strength. 
Given these researches, understanding and controlling the underlying mechanisms of 
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PMMA-CNC interactions to achieve desired performance is still at an early stage. It is 
critical to develop this understanding for future engineering applications of PMMA/CNC 
composites. 
1.5 Thesis overview 
This research aims to characterize and understand both physical and chemical adhesion of 
micro/nano sized particles. Two bioparticles, pollen in micro size, and CNC in nano size, 
are investigated in terms of particle-particle adhesion and particle-matrix adhesion, 
respectively. The main objectives are as follows: 
I. Investigate micro particle-particle adhesion with a complex morphology 
i) Characterize the morphology effect on pollen-pollen interaction 
ii) Develop models to explain the effect of complex morphology 
iii) Characterize the mechanical properties of sporopollenin 
II. Investigate nano particle-matrix adhesion with tailored surface chemistry 
i) Chemically modify the CNC surface 
ii) Formulate polymer composites compatible with modified CNCs 
In Chapter 2, the unique interaction behavior between pollen exines will be characterized 
with AFM and colloidal probe. A mathematical model based on Hamaker’s approach will 
be developed to explain and predict the characteristics of pollen-pollen interaction. Chapter 
3 will investigate the elastic modulus of sporopollenin through a direct method, AFM 
nanoindentation. The effect of acid-base treatment and water exposure will be discussed. 
The mechanical properties of sporopollenin will be compared and analyzed with common 
non-crystalline organic biomaterial. In Chapter 4, vinyl functionalization of the CNC 
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surface will be explored by utilizing a versatile hydroxyl/isocyanate chemistry. The 
efficiency of the chemical modification will be evaluated by attenuated total reflectance-
Fourier transform infrared analysis (ATR-FTIR), elementary analysis, X-ray diffraction 
(XRD) and solid-state NMR. The introduced hydrophobicity on CNCs surface will be 
tested by contact angle measurement. Chapter 5 will compare and discuss three different 
preparation methods for PMMA and modified CNC (m-CNC) composites. The 
mechanical, thermal and optical properties of PMMA composite made of unmodified 













CHAPTER 2. INTERACTION OF COMPLEX 
MICROSTRUCTURED PARTICLES: ROLES OF ADHESION, 
GEOMETRY AND FRICTION 
2.1 Overview 
The interaction between microparticles or between microparticles and surfaces has 
been a subject of intense study for a long time, due to its significant role in many natural 
phenomena (pollination, dispersal of spores, etc.) and industrial processes (powder 
handling, biofouling, colloidal aggregation and dispersal, etc.). Although the interaction 
between smooth particles with simple shape (spheroidal, ellipsoidal and rod-like particles, 
etc.) has been well studied, many microparticles encountered have rough surfaces and 
complex shape, of which the interaction is much less investigated. This chapter 
characterized and simulated the interaction between microparticles with complex 
morphology. Sunflower pollen grains were used as a model particle due to their naturally-
evolved complex surface morphology. Atomic force microscopy (AFM) combined with 
pollen colloidal probes were utilized to investigate the interaction between pollen grains. 
The force-distance curves obtained from AFM were analyzed to give the adhesion force 
and specific interacting mechanisms. The results showed that the pollen-pollen adhesion 
can vary from extremely high (~450 nN) to very low, even lower than that of the pollen-
flat surface interaction (~30 nN). This large variation resulted from the orientation-
dependent interactions of spines on the opposing sunflower pollens. Five typical force-
distance curves were identified from pollen-pollen interactions, suggesting that multiple 
adhesion mechanisms may govern the interactions between spiny microparticles. A hybrid 
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model was developed based the Hamaker approach and Amontons’ law of friction to 
explain the unique pollen-pollen interaction.  The results suggest that the interaction 
between spiny pollen grains was governed by both adhesion and friction. Different 
orientations of spines lead to different relative contributions from adhesion and friction, 
and is proposed to be the source of variation in the force-distance curves. This work 
provided new insights into the tuning of adhesion over forces from 10 nN to 1000 nN 
between micro-sized particles. These results are helpful to understand natural phenomena 
such as transport of allergens and pollination process. They are also useful in advanced 
material applications including paints, coatings, bio-sensors, drug delivery, pharmaceutical 
industry, and composite materials. 
2.2 Introduction 
Microparticles usually refer to particles between 0.1 and 100µm in size[82], which 
are encountered in daily life, including pollen, dust, flour, powdered sugar, etc. 
Microparticles are involved in many application fields, such as catalysis[83], 
electronics[84], biosensor[85], drug delivery[86] and separation.[87] In these fields, the 
adhesion between microparticles or between particles and surfaces has been the subject of 
intense investigation for several decades, as adhesion plays a significant role in many 
natural process (pollen-stigma interaction, the dispersal of fungal spores and the infection 
of virus, etc.) as well as industrial applications such as, medical implants, semiconductor 
manufacturing, surface coating, and fouling control.[19, 88, 89]  
The dry adhesion between neutral microparticles or between particles and substrates 
in air can be influenced by (a) the geometry of particles and substrates, (b) surface 
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roughness and (c) material properties (viscoelasticity, Hamaker constant, etc.). For the 
geometry, spherical particles and flat surfaces are the most common geometries in the 
literature. Although some phenomena can be captured by these simple geometries, most 
natural phenomena and industry processes usually involve non-spherical particles and 
structured surfaces.[90-94] Besides the geometries of particles and surfaces, surface 
roughness also plays an important role in the adhesion. Even if the interacting bodies have 
simple or regular geometries like sphere or cylinder, the interaction of the contacting 
partners could be complicated by the surface roughness, i.e. the asperities on a smaller 
scale compared to the characteristic length of the particles or surfaces.[3, 27, 31, 91, 95-
98] Moreover, the material properties are also of great importance in the particle adhesion. 
For example, soft microparticles usually have a larger contacting area than hard ones under 
the same load, thus have higher adhesion forces. 
A variety of non-spherical particles and micro-structured surfaces are fabricated by 
polymerization or lithography[99-102], to investigate the geometry effect of particles or 
surfaces on the adhesion. However, it remains challenging to fabricate particles with 
complex morphology and hierarchical roughness. Few studies regarding to microparticles 
with complex geometry are reported to date. Meanwhile, various models have been 
developed to predict the dry adhesion/Van der Waals force, including Hamaker’s 
method[13], Lifshitz’ method[26] and modified model by other researchers[27, 28, 30-32] 
to take surface roughness into account. Theoretically, these models can be applied on 
arbitrary geometries. However, the integral will be extremely complicated with structured 
surface or irregular morphology. Thus, the application of these models are limited within 
some basic geometries, such as spherical and cylindrical geometries.[23]  
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In order to unveil the effect of complex geometry/morphology on microparticle 
adhesion, plant pollens are used as model particles. Comparing with synthetic particles, 
pollen grains are easily obtained and have complex evolutionary-optimized morphology, 
which can be used to investigate the geometry and roughness effect on the adhesion 
between particles and surfaces. Meanwhile, it has been demonstrated that pollen adhesion 
is critical to plant reproduction, inspiring for biomimicry to engineer tunable adhesion 
between particles and micro-patterned surface, and relevant to topics such as transport of 
allergens and atmospheric phenomena.[46] The objective of this study was to understand 
the effect of the spiny morphology on particle-particle interaction in air by using sunflower 
pollen as a model. Atomic force microscope (AFM) was used with colloidal probes to 
directly investigate the pollen-pollen interaction. A mathematic model based on Hamaker’s 
method was developed to interpret the unique pollen-pollen interaction behavior, and the 
function of sunflower pollen spines during the interaction. 
2.3 Experimental methods 
2.3.1 Materials 
The native non-defatted sunflower pollen grains were purchased from Greer 
Laboratories (Lenoir, NC) and stored at 0 °C. Methanol, ethanol and chloroform were 
purchased from Sigma-Aldrich and used as received. Tipless rectangular cantilevers 
(FORT-TL, Applied NanoStructures, Inc., Santa Clara, CA) with the nominal spring 
constant of 0.6~3.7N/m were used to prepare the colloidal probe. Silicon wafers were 
purchased from UniversityWafer Inc. (South Boston, MA). Epoxy glues (LOCTITE®, 2 h 
setting time) were purchased from Henkel Corporation (Rocky Hill, CT) to fix pollen gains 
 32 
on AFM cantilevers and silicon wafers. Sulfuric acid (97 wt.%, BDH Chemicals Ltd.) and 
hydrogen peroxide (30 wt.%, BDH Chemicals Ltd.) were used to prepare piranha solution 
to clean silicon wafer. 
2.3.2 Pollen preparation 
Commercial non-defatted (ND) sunflower pollen grains (Greerer) have more intact shape 
and straight spines, while commercially defatted sunflower pollens (pollenkitt was partially 
removed by the manufacturer with an ethyl ether washing step) have many broken or 
bended spines, as shown in Error! Reference source not found.. In order to isolate the 
effects of morphology on adhesion, we obtained non-defatted sunflower pollen grains and 
applied a solvent washing procedure to remove the pollenkitt. Non-defatted pollen samples 
were washed in a mixture of chloroform and methanol, a solvent for external pollenkitt, 
but a nonsolvent for the sporopollenin exine.[103] Chloroform and methanol were mixed 
first with a volumetric ratio of 3:1. Then, approximately 1 g of ND sunflower pollen were 
dispersed in ~33mL chloroform/methanol mixture. After 30 minutes, the suspension was 
centrifuged with the rate of 3000 rpm for 10 minutes. The supernatant was poured out and 
the sediments were dispersed in chloroform/methanol mixture again. This procedure was 
repeated three times. Then the pollen grains were washed with ethanol three times to 
remove any residual solvent. After washed and re-dispersed with ethanol, a small amount 
of the pollen suspension was spread on a glass slide and dried in air for 24 hours. Pollens 
subjected to this solvent washing procedure are referred to as “cleaned pollen” (CP). 
Cleaned sunflower pollen (CPsf) were used to prepare the colloidal probe and substrates 
for AFM measurement.  
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2.3.3 Colloidal probe and substrate preparation 
Tipless rectangular cantilevers (FORT-TL, Applied NanoStructures, Inc., Santa 
Clara, CA) with the nominal spring constant of 0.6~3.7N/m were used to prepare the 
colloidal probe. By using a micromanipulator (NARISHIGE, Japan) and an optical 
microscope (Olympus BX51), a small amount of epoxy resin will be put on the end of the 
tipless cantilever.[44] Then a single pollen grain will be attached on the epoxy resin. After 
curing for 24 hours, the pollen grain will be immobilized on the end of the cantilever 
(Error! Reference source not found.). The actual spring constants for the cantilevers with 
the attached pollen need to be determined on a rigid substrate by the methods of Burnham 
and Hutter et al.[104, 105] 
Silicon wafer is rigid enough to calibrate the spring constant of the colloidal probe. 
A silicon wafer was cut into 10mm×10mm pieces and treated by piranha solution, 75 vol.% 
sulfuric acid (98 wt.%) and 25 vol.% hydrogen peroxides (30 wt.%), to remove the organic 
impurities on the surface. Afterwards, several CPsf grains were immobilized on the silicon 
wafer according to the similar procedure described above (Error! Reference source not 
found.). 
2.3.4 Scanning electron microscopy (SEM) 
The surface morphology of the pollen grains was characterized by scanning 
electron microscopy (SEM) (Zeiss Ultra60 FE-SEM, Zeiss, Germany) at accelerating the 
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potential of 5.0 kV. Cleaned defatted and non-defatted pollens were deposited on a piranha-
etched silicon wafer and mounted on metal stubs using carbon tape. Samples were then 
sputtered with gold/palladium in a Hummer 6 Au/Pd sputterer. 
2.3.5 Interaction force measurement 
Interaction forces between cleaned sunflower pollens were measured using atomic 
force microscopy (AFM, Veeco Dimension 3100). AFM was operated in contact mode to 
directly probe the interaction force between probe pollens and substrate pollens. During 
the measurements, the probe pollen was firstly engaged with a pollen grain on the substrate 
(close to the substrate pollen, but not contacted yet), then the piezo actuator was driven by 
applied voltage to bring the probe approach, contact and retract from the substrate pollen. 
Consequently, a force-distance curve between two pollen grains was obtained by AFM. 
The load force applied during the measurements was 2.5 nN, which is approximately the 
gravity felt by a single pollen grain. The humidity was controlled at around 24% by purging 
the chamber with nitrogen gas.  
Generally, there are three contacting configurations between probe pollens and 
substrates as shown in Figure 2.1: 1) the probe pollen interacts with the flat silicon wafer, 
as “Si” configuration; 2) the probe pollen interacts with a substrate pollen, the line linking 
the centers of two pollen grains forms an acute angle with the flat silicon wafer;  and 3) the 
probe pollen interacts with a substrate pollen, the line linking two pollen centers is 
orthogonal to the flat silicon wafer. 
To begin with, one probe pollen was used to measure the adhesion forces with 10 
different substrate pollen grains with “Top” configuration. Ten force-distance scans were 
 35 
obtained after the probe pollen was engaged on each substrate pollen. Secondly, the 
adhesion forces between ac pair of pollen grains were measured with different contacting 
configurations, as shown in Figure 2.2. About 30 contacting positions along the center line 
of the substrate pollen were chosen to be measured with the probe pollen. Obtained force-
distance curves were analyzed in terms of adhesion forces, interacting ranges and unique 
shapes. 
 
Figure 2.1 Three contacting configurations during AFM measurement: (a) “Si” 




Figure 2.2 The procedure of measuring the interaction between the same pair of 
pollen grains with different configurations. 
2.4 Results and discussions 
2.4.1 Morphology of cleaned sunflower pollen 
SEM images of cleaned manufacturer-defatted and non-defatted sunflower pollens 
are shown in Figure 2.3. The perforated exine surface of CPsf can be observed, indicating 
that pollenkitt coating was removed effectively with methanol/chloroform washing 
process. Both defatted and non-defatted CPsf have a spherical core shape with spiny 
asperities. However, many spines on defatted CPsf were broken or bent, due to the defatting 
process by the manufacturer. Therefore, non-defatted CPsf with intact shape and straight 
spines was used in the rest of this work. Table 2.1 shows the characteristics of sunflower 
pollens and surface morphology based on SEM analysis. 
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Figure 2.3 SEM images of (a) Defatted sunflower pollen after washing (D-CPsf) with 
the chloroform/methanol mixture (3:1); (b) Non-Defatted sunflower pollen after 
washing (ND-CPsf); (c) ND-CPsf immobilized on the cantilever of a AFM probe; (d) 
ND-CPsf immobilized on the silicon wafer; all scale bars are 10 µm. 
Table 2.1 Characteristics of sunflower pollen grains and surface morphology from 
SEM image analysis 
Pollen 
 Morphology 














Echinate 30±4 3.5~4.0 120±10 2 0.32 
a. Size means the diameter from the tip of one spine to that of the opposite spine. 
b. Height and radius at the tip of reticulate bumps or echinate spines. 
2.4.2 Adhesion forces between the same probe pollen and different substrate pollens in 
“Top” configuration 
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To establish a baseline for the adhesion of clean sunflower pollen, the probe was 
first loaded on the flat silicon surface. The adhesion of clean sunflower pollen on the flat 
silicon wafer is about 80 nN, which is consistent with previous results.[45] Then the probe 
pollen was aligned on the top center of a substrate pollen (“Top” configuration). After the 
engagement between the probe and the substrate, about 30 ramps (approaching and 
retracting once refer to a ramp) were performed and one force-distance curve was recorded 
subsequently every three ramps. The adhesion forces of these curves were shown in Figure 
2.4. In Figure 2.4 (a), although two pollen grains were interacted at the same engaging 
position for all measurements, the adhesion forces varied from 330 nN to 30 nN. In Figure 
2.4 (b), the same probe pollen was used to interact with another substrate pollen, and the 
adhesion forces ranged from 119 nN to 9.7 Nn. On the one hand, this wide varying range 
of the adhesion between microparticles indicates the highly rough surface of the particle as 
well as the complex surface ornamentation, which was also observed between spherical 
polystyrene microparticles.[96, 106] On the other hand, this may also because that the 
actual contact location is not exactly same between every ramps due to the lateral drifting 
of AFM.[107] In addition, the adhesion force between two pollen grains could be either 
higher or lower than that between the clean sunflower pollen and the flat silicon wafer. 
Considering Hamaker’s equation (Figure 1.2) for vdW force, it is common that the sphere-
sphere adhesion is smaller than the sphere-plane adhesion, due to the zero-curvature of the 
flat surface. Therefore, the lower limit of pollen-pollen interaction was attributed to the 
interaction between spines or between the spine and the core of the pollen, associated with 
a small contact area. However, the upper limit is too high to be interpreted by simple 
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models. Nevertheless, this higher adhesion force should be associated with a large contact 
area and result from the complex surface morphology.  
 
Figure 2.4 Two representative series of adhesion forces between the same probe 
pollen and two substrate pollens, each series was measured with “Top” 
configuration and single engaging position. (a) the first substrate pollen, the 
adhesion force ranged from 332.7 nN to 33.7 nN; (b) the second substrate pollen, the 
adhesion force ranged from 119 nN to 9.7 nN. 
While the adhesion between a same pair of pollens varies widely as shown in Figure 
2.4, the adhesion ranges between the same probe and different substrate pollens are also 
expected to vary, due to the different orientations of the spines on different substrate 
pollens. Given the relatively uniform shape and monodispersity of sunflower pollens, 
numerous substrate pollens were tested by the same probe with the “Top” configuration to 
represent different spine orientations. In each case the orientation of the substrate pollen is 
different than the probe. The average values and ranges of the adhesion forces of the same 
probe with each substrate pollen are shown in Figure 2.5. Each average value and force 
range was obtained from 10 measurements. The numbers at the horizontal axis represent 
different substrate pollens. “Si_1” and “Si_2” means the adhesion of the probe pollen on 
the flat silicon before and after interacting with the substrates particles. “W&E” means the 
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probe was withdrawn from a substrate pollen and engaged again on the same pollen to 
perform another 10 measurements. The measurements on the silicon wafer were taken from 
10 different spots randomly chosen, while the measurements on each substrate pollen were 
taken at the same spot after the engagement. The varying ranges and average values of 
“Si_1” and “Si_2” were consistent, which indicates there was no contamination or large 
plastic deformation of the probe pollen during the measurements. As Figure 2.5 showed, 
the average values and range of the adhesion force between the same probe and different 
substrate pollens also varied widely. Some achieved extremely large adhesion up to 333nN, 
such as #7 and #11 substrate pollens, while some others had very small adhesion down to 
1nN, such as #2, #3 and #8. Moreover, the varying range of the adhesion changed with 
different substrate pollens. The highest adhesion force of the lower bound for each 
substrate pollen was 95nN (#1), while the lowest value of the upper bound was 41nN (#10). 
Most of these force ranges overlapped from 50nN to 69nN, which is comparable with the 
adhesion on silicon wafer. This range may imply that one single spine of one pollen 
interacted with the core of the other one. The forces lower than this overlapped range may 
indicate the interaction between two spines or between the spine and nanoscale asperities 
with a smaller contact area, while the forces higher than this range may indicate an 
interlocking situation which enables a larger contact area. The differences of the average 
adhesion and the force range suggested that the interaction between pollen grains are highly 
dependent on the spine orientation. Different spine orientations (substrate pollens) have 
specific capabilities to achieve high (e.g. #6:140~95nN) or low (e.g. #10: 41~17nN) 
adhesion, which is evidently associated with the effect of this complex morphology. 
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Figure 2.5 Ranges and average values of the adhesion forces between the same 
probe and different substrate pollens. 
2.4.3 Adhesion forces between the same pair of pollens with different configurations 
The effects of spine orientations on pollen-pollen adhesion were also examined with the 
same pair of pollens by probing a substrate pollen from various engagement positions 
moving from one side to the other along the center-line, as indicated in Figure 2.2 and 
Figure 2.6(a). The adhesion force corresponding to different engaging positions was shown 
in Figure 2.6(b). The adhesion force stayed at about 45nN when the probe is aligned with 
the substrate pollen in the “Side” configuration, while a extremely high adhesion force 
(>450 nN) was achieved with the “Top” configuration. This suggests that the interaction 
of crossed spines may lead to small adhesion, while the interaction of parallel spines would 
lead to a large adhesion force. 
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Figure 2.6 (a) the optical images by the camera on AFM, showing different engaging 
sites along the center line of the substrate pollen, the numbers marked the 
measurements on each site; (b) the adhesion force of each measurements. “0~1”, 
“25~28” were measured on silicon wafer (“Si” configuration); “10~18” were 
considered as measured with the “top” configuration, all the others were in “Side” 
configuration. 
2.4.4 Force-distance curves of pollen-pollen interaction 
In order to further investigate the mechanism of pollen-pollen interaction, not only 
the magnitude of the adhesion force, but also the shape of the force-distance curve need to 
be analyzed. A typical force-distance curve was divided into several sections to be 
systematically analyzed as shown in Figure 2.7. In each section, two or three characteristic 
behaviors can be identified, as shown in Table 2.2. The approaching curve includes 
“Engage” and “1st Relaxation” segments, while the withdraw curve contains 
“Accumulating” and “2nd Relaxation” segments. For the Engage segment, both a Regular 
type (the approach curve directly jumps into the lowest point) and a Multiple type (the 
approach curve collapses more than once) were observed. In the 1st Relaxation segment, 
both a Regular (the slope of the curve equals to the spring constant (SC) of the cantilever) 
and a Slow (the slope of the curve is smaller than SC) type are identified. In the 
 43 
Accumulating segment, a Regular (the slope of the curve equals to SC), a Slow (the slope 
of the curve is smaller than SC) and a Multiple (more than one local minimum are reached) 
type are identified. In the 2nd Relaxation segment, three typical behaviors were observed as 
Regular (the slope of the curve is larger than ten times of SC), Slow (the slope of the curve 
is smaller than 10×SC) and Multiple (the retract curve collapse more than once).  
 
Figure 2.7 A typical force-distance curve from pollen-pollen interaction. 
Table 2.2 Characteristic behaviors of the force-distance curves of pollen-pollen and 
pollen-silicon wafer interaction. 
Engage 1st Relaxation Accumulating 2nd Relaxation 
Regular Regular Regular Regular 
Multiple Slow Slow Slow 
  Multiple Multiple 
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Based on the characteristics of two sections (Accumulating and 2nd Relaxation) of 
withdraw curves (table 2.2), six distinctive types of force-distance profiles were identified 
as shown in Figure 2.8. Type RR (Accumulating = R and 2nd Relaxation =R) has only 
been observed with “Si” configuration, when the spike of the pollen only contacts a smooth 
flat surface. The slope of the “Accumulating” section is equal to the spring constant of the 
cantilever, which means that there is no relative motion between the probe pollen and the 
substrate pollen until the probe pollen is pull off from the substrate. Type SR is always 
associated with a relatively large adhesion (>100nN). The slope in the accumulating section 
is much less than the spring constant of the probe cantilever, indicating that the probe pollen 
moved upward relative to the substrate pollen before completely pull-off. The extremely 
large adhesion may be achieved by interlocking spines, which increase the contact area. 
Type SS is always associated with a relatively small adhesion (<50nN), which indicates 
the contact area is smaller than the pollen-silicon. In addition, sliding between two spines 
may result in slow accumulating and relaxation. SS (Plateau) is similar to SS except a 
plateau occurs after accumulating section. The “plateau value” indicates the spine slides 
along another spine, while the deflection of the cantilever does not change too much. Type 
SM has more than one relaxation sections in the retraction curve. After the accumulating 
segment, the curve jumped out and then was followed by a plateau, which indicates that a 
spine has become ‘hooked’ onto another, and the two spines slide along one another for 
about 100nm and then separate eventually. Type MR not only has a slower slope, but also 
multiple steps in the accumulating section, which may be associated with multiple 
deformed and sliding spines.  
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Figure 2.8 Six typical force-distance curves. The vertical axis is force (nN); the 
horizontal axis is distance (nm); the blue line is approach curve; the red line is 
withdraw curve. 
2.4.5 Quantitative model for pollen-pollen interaction 
2.4.5.1 Methods 
The prior results with AFM measurements revealed that the interaction between 
pollen grains in ambient condition are highly dependent on the surface morphology and 
the orientation of spines. The spine-spine interaction (adhesion and friction) may lead to 
widely varied adhesion forces and force-distance curves. It is both fundamentally and 
practically important to develop a quantitative model to explore the contributions of vdW 
adhesion and friction. Non-retarded Hamaker method was adopted to describe the adhesion 
(pull-off) forces and force-distance curves of pollen-pollen interaction from AFM 
measurements. 
In order to accurately include the morphology effect of sunflower pollens, the 
spines and the core of the pollen grain were treated separately, which will give three 
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configurations of pollen-plate and pollen-pollen interaction: a) Spine-Plate, b) Spine-Core 
and c) Spine-Spine interaction (Figure 2.9). These three configurations were modeled and 
combined to describe the adhesion between pollen grains. Therefore, the adhesion or pull-
off force (FA) between two pollen grains consists of two components as shown in equation 
2-1: the adhesion (Fa) on the vertical direction, and the friction (Ff) on the vertical direction 
between two sliding spines. 
  𝐹𝐴 =  𝐹𝑎 +  𝐹𝑓 (2-1) 
 
Figure 2.9 (a) Spine-Plate, (b) Spine-Core, (c) Spine-Spine-Parallel configuration 
and simplified geometries. 
For Spine-Plate configuration (SP), the adhesion force was assumed to be equal to the 
adhesion between a plate and a sphere of the same radius as the spine tip, which can be 
modeled by equation 2-2. For Spine-Core configuration (SC), the adhesion is equal to the 
adhesion between two spheres, one with the radius of the spine tip, and another with the 
radius of the pollen core, which can be modeled by equation 2-3. For Spine-Spine 















There are three extreme limits of Spine-Spine interaction: two spine apexes interaction (SS-
A), two parallel spines (SS-P) and two crossed spines (SS-C) interaction as shown in Figure 
2.10. Equation 2-3, 2-4 and 2-5 were used to describe the van der Waals force between two 
spines in these three extreme configurations. Amontons’ first law (equation 2-6) will be 
used to calculate the friction, Ff, between two spines. The kinetic friction coefficient will 
be estimated as 0.1 based on a previous study in Meredith’s group, which is the coefficient 
between pollen and silicon wafer. This assumption should be valid, considering the smooth 
surface of the spines (Figure 2.3). The adhesion force between spines, Fa, was used as the 














  𝐹𝑓 = 𝜇 ∙ 𝐹𝑎 (2-6) 
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Figure 2.10 (a) Dimensions of sunflower pollen spines; (b) spine apex-apex 
interaction; (c) parallel and (d) crossed spines configuration. 
After establishing equations for different configurations, it is important to estimate 
the Hamaker constant between sunflower pollens. The Hamaker constant between a pollen 
and a silicon wafer, A132, approximates to 8.5×10
-20 J.[45] The subscript 1 represents the 
exine of sunflower pollen; 2 represents silicon wafer; and 3 represents air. The Hamaker 
constant between silicon in vacuum, A22, is 7.59×10
-20 J, and A33 is 0 J.[108] Based on the 
combining relations of Hamaker constant, equation 2-7, the Hamaker constant between 
sunflower pollens in air, A131, is 9.5×10
-20J.[109] 
 𝐴132 = (√𝐴11 − √𝐴33)(√𝐴22 − √𝐴33) (2-7) 
The separation distance between contacting partners, D, will be taken as 0.165 nm.[45] 
Although the spine will be simplified as a cylinder, the actual spine is a cone with blunted 
apex. The cross-sectional radius of the cone will increase along with the distance, 𝑙, to the 
apex, according to equation 2-8. The radii of the spine tip and the core of the sunflower 
pollen as well as other dimensions will be taken as shown in. 
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Table 2.3 Dimensions of sunflower pollens used in the model. 
Tip radius (nm) Core radius (µm) Open angle 
α(degree) 
Length (µm) 
120 20±1 16±4 ~2 
2.4.5.2 Adhesion forces between pollen grains on vertical direction 
To test the Hamaker method by comparison to previous adhesion force results, the 
adhesion of a sunflower pollen on a flat silicon wafer was calculated by using equation 2-
2. Single spine contact was assumed and the equation gave the adhesion of 62 nN, which 
is consistent with the previous study[45] as well as the results in this work. However, the 
actual adhesion should be the summation of Spine-Plate and Core-Plate interaction. The 
separation distance, D, from the core of the pollen to the silicon wafer will be about 4 
microns due to the long spines of the sunflower pollen. Comparing with 0.165 nm, the 
separation distance between the contacting spine and surface, this large separation distance 
will drastically reduce the adhesion according to equation 2-2. In addition, the retardation 
effect at large separation distance will also reduce the adhesion. Both of these reasons lead 
the interaction between the spine and plate dominating the adhesion of the pollen on the 
silicon wafer. For the same reasons, the vdW interaction between the cores of two 
contacting pollens was also neglected, while the Spine-Core interaction dominated.  
Furthermore, the Spine-Core interaction was computed according to equation 2-3. 
Firstly, we assume that there is only one spine of either the probe pollen or the substrate 
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pollen contacting the core of the other pollen grain. The tip radius of the spine, 𝑅1, is 120 
nm. The core radius, 𝑅2, is 20 µm. The Hamaker constant, 𝐴131, is 9.5×10
-20 J. This gave 
the adhesion of the single spine-core configuration as 62 nN. A larger adhesion force may 
be achieved by the multiple spine-core contact. For example, two spine-core interactions 
may lead to the adhesion force of 124 nN. Nevertheless, this adhesion force was obtained 
by assuming the core of the pollen has a smooth surface, which is not true. From the SEM 
image (Figure 2.3), we can find many nanoscale wrinkles, asperities and pores on the core 
surface. This nanoscale roughness may reduce the adhesion force between the spine and 
the core.[31] For the spine-spine interaction, firstly, we can calculate the adhesion force 
when the apexes of two spines contact. In that case, the adhesion force is 35 nN. This is an 
extreme case since the apex has the smallest radius within the spine. Thus, if assuming the 
surface of the whole pollen grain is smooth, 35 nN should be the lower limit of the adhesion 
between two sunflower pollens. However, the experimental results showed that the 




Figure 2.11 Adhesion forces on vertical direction calculated with Hamaker’s method 
compared with experimental results in Figure 2.5. 
2.4.5.3 Friction forces of spine-spine interaction 
For the friction between two spines, equation 2-4 and 2-5 were used to calculate 
the adhesion forces between two parallel spines and between two crossing spines, 
respectively. For two parallel spines, R1 and R2 are taken as the radii of the spine at the 
midpoint of the contacting part. The variable l is the length of the contacting part of two 
spines. Since the radius of the spine will vary with the length, R1 and R2 can be determined 
according to Eqn. (2-8) with l replaced by 2/l to represent the midpoint. For two crossing 
spines, we assume R1 is 150 nm and R2 varies from 150 nm to 500 nm, since the tip of the 
spine rather than the base is more likely to interact with another spine. Figure 2.12 showed 
that the friction varied as a function of the contact length of parallel spines or the radius of 
the crossed spines at contact point. Figure 2.12(a) showed that the friction between parallel 
spines decreased from 800 nN to about 0 nN when the contacting length decreased from 
1000 nm to 0 nm. The slope, dF/dl, is about 0.8 nN/nm, which is about 50% lower than the 
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spring constant of AFM cantilever. Comparing with the experimental results, which 
showed largest adhesion of 450 nN, this computed range can fully cover the experimental 
results. It implies that the actual contact length may be shorter than 700 nm. Figure 2.12(b) 
showed that while two crossed spines were sliding away from each other, the radius of one 
spine stayed constant at 150 nm, and the radius of another spine at the contact point kept 
decreasing from 500nm to 150nm. Meanwhile, the friction decreased from 15.96nN to 
8.74nN, and the decaying rate of the friction force, dF/dl, is about 0.0035nN/nm. The 
friction between spines will contribute to the pull-off force obtained by AFM. Moreover, 
the decay rate of the friction with respect to the separation distance of the interacting 
pollens will affect the shape of the force-distance curve. Therefore, the slower 
accumulating, relaxation and plateau section could be interpreted as the combination of 
spine-spine friction and adhesion.  
 
Figure 2.12 Friction force when two (a) parallel and (b) crossed spines slide against 
each other; (a) the X axis is the contact length; (b) the bottom X axis is the radius of 
the vertical spine at the contact point, the top X axis is the distance from the contact 




This work has revealed for the first time the detailed interaction behavior between 
two microparticles with complex, regular surface morphology. With micro-sized sunflower 
pollen as model colloidal probes particles, the particle-particle interactions were directly 
characterized with AFM. The adhesion (pull-off) force between two pollen grains varied 
from a few to hundreds of nanoNewtons. When two pollen grains were aligned as the “Top” 
configuration, the highest pull-off force was observed around 450 nN. However, when two 
pollen grains were aligned as the “Side” configuration, the adhesion forces remained 
around 30 nN, which is even lower than that of pollen-silicon wafer interaction (“Si” 
configuration). These results indicate that the orientations of pollen spines have a great 
influence on the strength of particle-particle adhesion. Furthermore, the analysis of force-
distance curves indicates that in some cases, the spines move while in contact. Therefore, 
the sliding motion and friction forces between pollen spines were taken into account by 
using a mathematical model to simulate the pollen-pollen interaction. It was demonstrated 
that a combination of adhesion between pollen grains at vertical direction and friction 




CHAPTER 3. MODULUS OF SPOROPOLLENIN DETERMINED 
BY DIRECT NANOINDENTATION MEASUREMENT OF 
POLLEN EXINE 
3.1 Overview 
Sporopollenin, the polymer comprising the exine (outer solid shell) of pollens, is 
recognized as one of the most chemically- and mechanically-stable naturally-occurring 
organic substances. The elastic modulus of sporopollenin is of great importance to 
understanding the adhesion, transport, and protective functions of pollen grains. In 
addition, this fundamental mechanical property is of significant interest in using pollen 
exine as materials for drug delivery, reinforcing fillers, sensors, and adhesives. Yet, the 
literature reports of sporopollenin modulus are very limited. This work provides the first 
report of the elastic modulus of sporopollenin of pollen particles from three plant species: 
ragweed (Ambrosia artemisiifolia), pecan (Carya illinoinensis) and Kentucky bluegrass 
(Poa pratensis). Modulus was determined with atomic force microscopy by using direct 
nanomechanical mapping of the pollen shell surface. The moduli were atypically high for 
noncrystalline organic biomaterials, with average values of 16 ± 2.5 GPa (ragweed), 9.5 ± 
2.3 GPa (pecan) and 16 ± 4.0 GPa (Kentucky bluegrass). The amorphous pollen exine has 
a modulus exceeding all non-crystalline biomaterials, such as lignin (6.7 GPa) and actin 
(1.8 GPa). In addition to native pollens, we have investigated the effects of exposure to a 
common preparative acid-base chemical treatment and elevated humidity on modulus. 
Acid-base treatment reduced the ragweed modulus by up to 58% and water vapor exposure 
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at 90% relative humidity reduced the modulus by 54% (pecan) and 72% (Kentucky 
bluegrass). 
3.2 Introduction 
Plant pollens are among the most unique naturally-occurring microparticles. Pollen 
grains are microscopic capsules carrying male gametes for plant reproduction. They have 
evolved optimized exine shells with remarkable structure and surface chemistry to facilitate 
pollination and germination. Recently, pollen grains have attracted increasing research 
interest due to their unique adhesion characteristics, low weight, high mechanical strength, 
functionalizability, fluorescence, and biocompatibility.[45, 46, 50, 61, 110] For example, 
the external shells of pollen grains can serve as lightweight, toughening fillers for 
polymers.[61] Diego-Taboada et al. used pollen shells as controlled-release drug delivery 
vehicles.[110] Moreover, pollens have been used as templates for fabricating metal-oxide 
magnetic replicas[47],[48] magnetic-core particles[49] and metallized shells[50] with 
unique combinations of multimodal adhesion and optical properties.  
A native pollen shell consists of three domains from outside to inside: 1) pollenkitt, 
2) exine and 3) intine.[111] The pollenkitt is an adhesive and viscous liquid coated on the 
exine. It can protect pollen from drying, promote adhesion and support pollination. The 
exine is the tough outer solid wall that often bears spines, bumps or grooves and exhibits 
an enormous species-specific diversity of morphology due to the size and shape of these 
surface features. The intine, made of cellulose, is a thin wall just inside the exine 
surrounding the generative cells inside the pollen shell. The exine influences adhesion and 
determines the external surface chemistry and mechanical properties of pollen grains. The 
 56 
exine is mainly composed of sporopollenin, one of the most chemically-and thermally-
stable biological polymers.[112, 113] The chemical composition of sporopollenin has been 
a subject of study and debate,[52] but the most recent consensus suggests that it consists 
of saturated and unsaturated aliphatic chains with conjugated aromatics that are highly 
cross-linked by ester or ether bonds to form a rigid structure. Meanwhile, the surface of the 
pollen exine contains hydroxyl groups that provide facile sites for functionalization.[114] 
The mechanical properties of sporopollenin are rarely reported in the literature, but they 
are of great importance to the natural protective performance and adhesion behavior of 
pollen shells. For example, it was shown recently that the spines on sunflower and ragweed 
pollen particles can lock onto similarly-sized features on flower stigma surfaces, resulting 
in pressure-dependent adhesion behavior.[46] High modulus could support this unusual 
particle adhesive function, because of the frictional forces that would arise when pollens 
are pressed onto stigma hair features. In addition, some researchers reported that the 
mechanical properties of pollen shells were of great importance to understanding the 
contaminant adhesion on gecko skin.[3] The pollen modulus and its dependence on relative 
humidity are also expected to be important in the process of harmomegathy, in which 
dessicating pollen grains fold inwardly and lessen water loss by blocking pollen 
apertures.[59] This water-induced folding and its reversal upon rehydration at the stigma 
is dependent on modulus, and yet the dependence of sporopollenin modulus on water vapor 
exposure is unknown. Two somewhat-indirect measurements of the modulus of pollen 
shells have been reported. Liu et al. used a micromanipulation technique to measure the 
product of the Young’s modulus and wall thickness (E×h) of desiccated ragweed pollen to 
be 1653 ± 36 N/m under compression.[60] To obtain this value from compression data, a 
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model of the pollen shell was required, and the pollen grain was treated as a smooth, 
spherical capsule with an air-filled core and an impermeable wall. On the other hand, while 
the pollen shell is actually a porous wall with elaborate surface morphology, thus a 
technique that does not require a morphological model would be desirable. Another paper 
used the Halpin-Tsai model with mechanical measurements of polymer-pollen composites 
to estimate the Young’s modulus of acid-base treated ragweed pollen to be 70 MPa.[61] 
However, this approach depends on assumptions of the model, which neglects particle 
surface morphology and imperfections in the adhesive interface between pollen and 
polymer. A direct method that does not make assumptions about pollen shape or adhesion 
with a matrix is preferable for achieving accurate measurements of pollen exine mechanical 
properties. 
Atomic force microscopy (AFM) measures the force on a cantilever tip as a function 
of its vertical position. The resulting “force-distance (f-d) curves” can be analyzed to 
determine properties of the material beneath the tip, including adhesion, topography and 
stiffness.[115] However, these f-d curves can only provide data at one point on the material 
at a time. The technique of force volume imaging can collect f-d curves from a large 
number of pixels to create a map of the properties across the sample.[116] Nevertheless, it 
is typically too slow to map properties over a large sample. To solve this problem, the so-
called pulsed force mode was developed in 1997[117]. This technique improves speed by 
using a relatively fast sinusoidal ramping of the probe. Unfortunately, this also makes 
material properties measurements less quantitative.[117, 118] Peak force tapping, 
developed in 2010, reduces mapping time from hours (force volume mode) to minutes 
(peak force tapping) for a 5 m x 5 m area.[119] Meanwhile, it also allows one to measure 
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the complete f-d curve on each pixel, and precisely control peak force applied to the 
substrate.   This technology enabled a technique known as peak force quantitative 
nanomechanical property mapping (PFQNM), with which mechanical properties can be 
mapped as a topological image containing stiffness, adhesion and topography information 
with nanoscale resolution.[118] By carefully selecting the AFM probe, one can measure 
elastic moduli from 1 MPa to 100 GPa without destroying the sample. PFQNM mode has 
been demonstrated to be an effective technique for characterizing both soft and hard 
materials in the literature, such as living cells,[120]  diatoms,[121] polymer 
composites,[122] cement[123] and steel.[124]  
In this Chapter, PFQNM AFM was used as a direct method to measure for the first 
time the elastic moduli of three types of pollen shells (ragweed, pecan and Kentucky 
bluegrass). These three types of pollen shells represent a broad variety including common 
flowering weeds, trees and grasses, covering a range of morphologies from echinate (spines 
are longer than 1 m in length) to spinulose (spines are less than 1 m). Meanwhile, the 
elastic moduli of pollen shells could be influenced by common chemical treatments and 
water vapor exposure, important for commercial applications or in the natural environment. 
Therefore, the ragweed pollen was treated with an acid followed by a base washing, 
commonly-used for cleaning pollen, to investigate the effect of the treatment on the elastic 
modulus. Furthermore, the pecan and Kentucky bluegrass moduli were measured after 
exposure to a 90% relative humidity environment, to understand the effect of water 
saturation on the elastic modulus. 
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3.3 Experimental methods 
3.3.1 Materials 
The native non-defatted pollen grains of three different species were purchased 
from Greer Laboratories (Lenoir, NC) and stored at 0 °C, including ragweed (Ambrosia 
artemisiifolia), pecan (Carya illinoinensis) and Kentucky bluegrass (Poa pratensis). 
Methanol, ethanol and chloroform were purchased from Sigma-Aldrich and used as 
received. Two types of silicon AFM probes, RTESPA-300 and RTESPA-525, were 
purchased from Bruker. A set of standard samples (PFQNM-SMPKIT-12M) was obtained 
from Bruker to calibrate the probes and AFM system. Silicon wafers were purchased from 
UniversityWafer Inc. (South Boston, MA). Epoxy glues (LOCTITE®, 2 h setting time) 
were purchased from Henkel Corporation (Rocky Hill, CT) to fix pollen gains on the 
silicon wafer. Potassium hydroxide (KOH, EMD Millipore) and phosphoric acid (H3PO4, 
BDH chemicals) were used for acid-base treatment. 
3.3.2 Sample preparation 
Prior to use, the pollen grains were washed with a mixture of chloroform and 
methanol (3:1), which is a good solvent for the pollenkitt coating on the pollen grains.[45] 
The washed pollen grains were rinsed with ethanol and dried at ambient conditions (20 C 
and 24% relative humidity (RH)) for 24 h. The resulting pollen grains are referred to as the 
cleaned pollen of ragweed (CPr), pecan (CPp) and Kentucky Bluegrass (CPk), 
respectively. CPr was further treated with KOH and H3PO4 by methods described in detail 
elsewhere.[61] The resulting ragweed pollen was referred to as acid-base treated ragweed 
pollen (ABPr) and used to investigate the effect of AB treatment on Young’s modulus of 
 60 
ragweed pollen. In addition, exposure to elevated humidity was studied. CPp and CPk were 
stored in 90% RH for 24 h to prepare water saturated pollen (WSPp and WSPk). WSPp 
and WSPk were re-saturated in the 90% RH environment every 30 minutes for 10 minutes 
during AFM measurements. In order to avoid the movement of the pollen grains during the 
AFM measurements, pollen grains were glued onto a Piranha-cleaned Si wafer with a thin 
layer of epoxy resin by using a micromanipulator (NARISHIGE, Japan) and an optical 
microscope (Olympus BX51).[125] 
3.3.3 Scanning electron microscopy (SEM) 
Clean pollen grains and ABPr were characterized with a Zeiss Ultra-60 FE-SEM to 
reveal the morphology. Ethanol suspensions of the pollen grains were deposited by simple 
drop-casting and dried on silicon wafers at ambient conditions. Then, the silicon wafers 
were mounted on metal stubs using carbon tape and sputtered with Au/Pd in a Hummer 
sputtering system to prevent charge build-up during measurement. SEM was also 
performed on AFM probes before and after mechanical measurements to examine the radii 
of probe tips. The probes were mounted on metal stubs with carbon tape. The sputtering 
process was not conducted on the probes so that they could be used for the AFM 
measurement. All images were obtained under an accelerating voltage of 5.0 kV or 10.0 
kV. 
3.3.4 Peak Force Quantitative Mechanical Properties Mapping (PFQNM). 
The elastic moduli of pollen grains were characterized with PFQNM mode on a 
Dimension ICON AFM (Bruker). Similar to tapping mode, peak force (PF) tapping 
intermittently brings the probe and sample together to contact the surface for a short period 
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at a high frequency (1~2 kHz). Unlike tapping mode where the amplitude of the cantilever 
vibration is kept constant, PF tapping controls the maximum force (i.e., the peak force) on 
the tip. While tapping mode is used mainly for imaging topography or qualitatively 
characterizing mechanical property, PF tapping mode can extract adhesion, modulus and 
energy dissipation information by analyzing force distance curves at every imaging pixel 
simultaneously. This allows measurement of the latter data with the same lateral resolution 
as a topographical image, which is suitable to assess the mechanical properties of micron 
sized pollen shells.[118]  
Figure 3.1a demonstrates what happens during the interaction between the probe 
tip and a clean ragweed pollen, using data based on the RTESPA-300 probe and CPr. When 
the modulation frequency of the cantilever is about 1 Hz, the time from point A to point E 
is about 1 ms, which enables a fast scanning of thousands of contacts between the probe 
and the sample. As the tip is far away from the sample (point A), there is little or no force 
on the tip. When approaching the sample, the tip is pulled down to the surface of the sample 
(point B) by attractive forces (usually van der Waals) as represented by a negative force 
(below the horizontal dashed line). The tip stays on the surface and the force increases until 
the z position of the probe reaches the bottom-most position at point C, where the peak 
force occurs. Then, the probe starts to withdraw and the force decreases until the pull-off 
point (point D), where the adhesion can no longer hold the tip. Once the tip detaches from 
the surface, the cantilever oscillates for a period and the force is small or zero (point E). 
Figure 3.1b shows the same data as Figure 3.1a but with the force plotted as a function of 
the vertical position. This plot can be compared directly with the force-distance (f-d) curve 
that has been used by many researchers. The f-d curve must be converted to the force-
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separation (f-s) curve (Figure 3.1c) to retrieve the mechanical properties, according to 






 ∆𝑑 = ∆𝑧 − ∆𝑥 (3-2) 
In equations 3-1 and 3-2, Δx is the deflection of the cantilever, Ftip is the loading force 
applied on the sample by the probe, k is the spring constant of the cantilever, Δd is the 
deformation of the sample, and Δz is the distance of the movement of the probe. In Figure 




Figure 3.1 (a) Plot of force as a function of time for RTESPA-300 interacting with 
CPr; the insets are probe-sample I nteractions at different points of the plot, 
including point (B) jump-to-contact, (C) peak force, (D) pull-off, and (E) free 
oscillation of the probe after surface detachment; (b) Plot of force as a function of z 
(vertical) piezo position; (c) Plot of force as a function of probe-sample separation 
distance; (d) An illustration of the relationship between probe deflection (x) of the 
probe and sample deformation (d). 
In PFQNM mode, the elastic or Young’s modulus is calculated by using the Derjagin-
Muller-Toropov (DMT) model to fit the withdrawal portion of the f-s curve.[36] This 
model is appropriate when deformation of the sample is lower than the tip radius, which is 
the case presented here. Therefore, DMT model is more suitable for hard materials than 
the classical Hertz model and the Johnson-Kendall-Roberts (JKR) model.[124, 126] The 







where Fadh is the adhesive force at point D (negative value), and R is the radius of the AFM 
tip. The tip radius is calibrated by using SEM, a tip calibration grating and standard 
samples, as discussed in detail in the following section. The reduced elastic modulus is 













where νs and νtip are the Poisson’s ratios of the sample and the AFM tip, respectively. In 
this work, we assume that Etip is much larger than Es, and so the second term on the right-
hand side of equation 3-4 is negligible. For typical values of the silicon modulus (170 GPa) 
and Poisson ratio (0.22),[127] over the range of moduli values determined below for Es, 
this assumption creates 2 % to 7 % difference between Er and Es. The Poisson’s ratio of 
polymers generally ranges between 0.2 (very rigid) and 0.5 (rubber), which gives a 
4%~25% difference between 𝐸𝑟 and 𝐸𝑠.[118] Since we assume that pollen shells have a 
similar Poisson’s ratio to rigid polymers, based on the heavily crosslinked structure of 
sporopollenin, νs is set to be 0.35 for the pollen shells in this work. All calculations are 
done in real time for every f-s curve over the scanned area. 
For each measurement, a 5×5 µm2 area was scanned by the probe, resulting in 
512×512 f-s curves, and the average modulus was calculated based upon these individual 
measurements. A larger magnification (smaller area) was investigated when artifacts were 
 65 
detected due to the morphology effect, which is discussed in detail in the results section. 
Five pollen grains were measured for each species, and 2-4 measurements were taken from 
each pollen grain.  Thus, for each type of pollen, the measured modulus and standard 
deviation were reported based on 10-20 measurements in total. All measurements were 
conducted at 24% relative humidity and 20 °C. 
3.3.5 Probe selection 
Considering the pollen shell as a rigid material, probes require a stiff cantilever to apply 
sufficient force to indent the sample. Two types of Bruker AFM probes, RTESPA-300 and 
RTESPA-525, were selected according to cover the modulus range from 200 MPa to 20 
GPa. Table 3.1 shows some specifications of the probes. The probes need to be calibrated 
before mapping mechanical property to establish the values of spring constant (k) and tip 
radius (R). 










RTESPA-300 Silicon 40 0.2-2 GPa PS (2.7 GPa) 
RTESPA-525 Silicon 200 1-20 GPa HOPG (18.0 GPa) 
3.3.6 Probe calibration 
Both absolute and relative calibration methods are used to obtain required probe parameters 
for PFQNM. Based on eqs 1 and 3, Er is proportional to k/(R
1/2). The absolute method 
requires an accurate measurement of R and k. In contrast, the relative method uses a 
reference sample to force the ratio of k/(R1/2) to a known value at a given indentation depth. 
A combination of both methods was used in this work to ensure the accuracy of the 
 66 
calibration. Both methods require measurement of the deflection sensitivity on a hard 
sample. In this work, a sapphire sample (SAPPHIRE-12M) from the PFQNM sample kit 
was used to obtain the deflection sensitivity. Then, the spring constant was calculated using 
Sader’s method,[128] where the dimensions of the cantilever were obtained using SEM, 
and the resonant frequency and Q factor were obtained using the thermal tuning function 
of the AFM. The tip radii before and after AFM measurements were obtained by SEM. The 
tip radii were also calibrated on a tip characterization sample, RS-12M, from the PFQNM 
sample kit. For the relative method, polystyrene (PS) and highly oriented pyrolytic graphite 
(HOPG) films were used as the reference samples (Table 3.1). Although the nominal elastic 
modulus of PS slightly exceeds the suggested modulus range for RTESPA-300, it is close 
to the upper limit. Furthermore, the relative method requires that the deformation of the 
measured samples should be consistent with the deformation of the reference sample. 
According to the instrument manufacturer, the deformation of both the reference sample 
and the unknown samples are required to be larger than 2 nm and must be comparable with 
the deflection of the probe cantilever (0.3×deflection < deformation < 3×deflection).[118] 
Otherwise, the probe will be too stiff or too soft for the given samples, which can lead to 
cumulative errors in following model fitting. In addition, because data from PFQNM are a 
distribution, a MatLab code was developed and used to rule out data not conforming to 





3.4 Results and discussion 
3.4.1 Pollen morphology 
SEM images of CPr, CPp, CPk and ABPr are shown in Figure 3.2. Grooves and 
tiny pores can be observed, demonstrating that the pollenkitt has been eliminated by 
washing with the methanol/chloroform mixture. Acid-base treatment does not have a 
significant impact on the morphology. The dimensions of the pollen grains are shown in 
Table 3.2. CPp has small bumps sparsely distributed on the surface. While CPr and ABPr 
have very large spines and tiny pores. CPk also has similar bumps as CPp, but the bumps 
of CPk are much denser than that of CPp. In addition, CPp and CPk sometimes have folded 
or collapsed shells. Features including spines, pores, bumps, and folds were carefully 




Figure 3.2 SEM images of the clean pollen shells of (a), (b) pecan (CPp); (c), (d) 
Kentucky bluegrass (CPk); (e), (f) ragweed (CPr), and (g), (h) acid-base treated 
ragweed pollen (ABPr). 
Table 3.2 Dimensions of pollen grains 
Type Diameter /µm Length of spine 
/nm 
Radius of spine 
/nm 
CPp 38 ± 2 190-240 45 ± 4 
CPk 26 ± 3 80-130 57 ± 12 
CPr 15 ± 3 500-1000 52 ± 5 
ABPr 15 ± 3 500-1000 52 ± 5 
3.4.2 Probe calibration 
First, the absolute method was used to measure the spring constant of the cantilever 
(k). Then, this parameter k was used in the relative method to estimate the tip radius (R) by 
measuring the modulus of a reference sample (PS or HOPG). Although the absolute 
 69 
method also gives an estimation of the tip radius, the relative method avoids the 
accumulative errors caused by the imperfect tip shape. Thus, the spring constant (the 
absolute method) and tip radius (the relative method) were used as adjustable parameters 
to fit the DMT model. To begin with, the deflection sensitivity was calibrated on the 
sapphire surface as described above. Then, the dimensions of the two probe types were 
measured using SEM (Figure 3.3a, b). The dimensions, resonant frequency and Q factor 
were used to calculate the spring constants (k) with Sader’s method (‘absolute’ technique). 
This method was reported to have the least uncertainty, which mainly comes from the 
errors of the measurement of the cantilever width.[129] Then, a standardized tip 
characterization sample was scanned by AFM to estimate the tip radius of the probe using 
the tip reconstruction model. Next, the relative calibration method was performed. In this 
approach, PS and HOPG were scanned by RTESPA-300 and RTESPA-525, respectively. 
The tip radius (R) was adjusted in the NanoScope software until the measured modulus 
matched the nominal modulus of PS or HOPG. Table 3.3 shows the tip radii measured with 
the different methods before and after measuring five pollen grains. Before the AFM 
measurements of pollen samples, the difference in radii comparing the SEM images to the 
results of absolute or relative calibration is due to wear that occurred during the calibration. 
The discrepancy between the absolute method and the relative method is mainly because 
of the imperfect tip shape, which deviates from the spherical tip shape assumption of the 
DMT model. However, after measuring five pollen grains, SEM images show much higher 
tip radii than the results measured with the relative method. This is because only a small 
portion of the blunt tip is contacting the sample during AFM measurement, and the smaller 
contacting radius is what is relevant to the measurement of modulus values.  After 
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measuring each individual pollen grain, the probe scanned PS or HOPG sample again to 
check for drift in the modulus that could indicate tip damage. If the average moduli of PS 
or HOPG was consistent with the nominal value, the probe was used to measure the next 
pollen grain. Otherwise, the tip radius was adjusted in the software to match the measured 
moduli of PS or HOPG with the nominal modulus values. Figure 3.4 shows the measured 
moduli of PS and HOPG before and after the tips were used to characterize five pollen 
grains. The measured moduli of PS and HOPG drifted from 2.67 GPa and 17.8 GPa to 3.14 
GPa and 23.4 GPa, due to the wear on the tip. SEM confirmed the wear on the tip that 
occurs after measuring five pollen grains (Figure 3.3c, d). The blunter tips lead to a shorter 
indentation depth (d) and the calculated modulus will be higher according to equation 3-3. 
Correcting the tip radius to achieve the nominal modulus value accounts for changes in tip 
radius during measurement. In contrast, the surfaces of the calibration standards and the 
pollens do not show readily apparent wear following indentation measurements. 
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Figure 3.3 SEM images of (a) RTESPA-300 (b) RTESPA-525 probes before 
measuring 5 pollen grains; (c) the tip of RTESPA-525 before the calibration; (d) the 
tip of RTESPA-525 after testing 5 pollen grains. 
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Figure 3.4 The moduli maps of (a) HOPG with new RTESPA-525, (b) HOPG with 
used RTESPA-525, (c) PS with new RTESPA-300 and (d) PS with used RTESPA-




Table 3.3 Tip radii measured or estimated by different methods before and after 
AFM measurement of pollens. 
 Probe 







RTESPA-300 10 20.7 50 
RTESPA-525 10 23.4 60 
After 
RTESPA-300 N/A N/A 160 
RTESPA-525 650 N/A 210 
3.4.3 Morphology effect 
As preliminary experiments, the RTESPA-300 probe was used to scan 5×5 µm2 
areas on CPp, CPk, CPr and ABPr by AFM. Multiple channels were recording the 
topological and mechanical properties of the sample in real time. For example, Figure 3.5 
shows the height, 3-D height, adhesion, deformation and modulus maps of ABPr. The 3-D 
height image shows 4 intact spines, as well as several half spines at the edges. Moreover, 
tiny pores and grooves on the pollen surface can even be observed from the 3-D height and 
deformation images. Correlations can be found between the height images and the other 
mechanical property maps. For the deformation image, the area surrounding the tips of 
spines showed larger deformation (lighter color on the map) than the other areas. 
Consequently, the moduli of those areas were much lower than the other areas according 
to equation 3-3. This contrast is more likely due to the spiny morphology rather than the 
intrinsic heterogeneity of the moduli of pollen shell. As shown in Figure 3.5f, the surface 
near the tip of the spine was much steeper compared to the horizontal surface between 
spines. When the probe taps this steep surface, it is easy to slip down the surface. The slip 
can only happen after contact point (point B in Figure 3.1a), thus the slipping distance will 
be mistakenly accounted for as deformation of the sample by the DMT model. In addition, 
the DMT model assumes that the interaction is between a sphere and a flat surface. Thus, 
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the DMT model does not hold when the tip is tapping the steep surfaces around the spines. 
Adhesion maps also showed remarkable correlations with the spiny morphology.  
 
Figure 3.5 AFM images of ABPr: (a) height, (b) deformation, (c) adhesion, (d) 
modulus, (e) 3-D height and (f) an illustration of the probe-pollen interaction. 
The adhesion forces at the area surrounding the tip of the spine are much higher 
than the adhesion forces at the tip of the spine and the spacing between spines. This may 
be due to the difference of contact areas formed at different locations. When the probe taps 
the apex of the spine, the tip of the probe can only make a small contact area, depending 
on the size of the probe-tip and spine-apex. However, when the probe taps the steep side 
surface around the spine’s apex, it could achieve much larger contact area by contacting 
with the spine side-by-side. Therefore, the adhesion forces around the spine apex could be 
larger than the adhesion forces at the apex or the space between spines. It is noted that large 
adhesion forces were also observed at some grooves or pores of the pollen shell. This could 
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also be due to the larger contact areas formed when the probe taps and even inserts into 
those specific morphologies. Similar morphology effects were also reported in the 
literature for modulus mapping of individual chitin nanorods with PFQNM.[126, 130] 
The other three types of pollen also showed similar morphology effects on the 
mechanical characterization. Although CPp and CPk (Figure 3.2) have less morphology 
effect due to their smaller bumps than ragweed pollen, the modulus data over spines and 
bumps are not included in the following data analysis, to avoid potential artifacts caused 
by the morphology issue. After a 5×5 µm2 area was scanned first to yield a morphology 
map, smaller portions of the 5×5 µm2 area without spines or bumps were rescanned to 
obtain mechanical properties. 
3.4.4 Probe effect 
The elastic moduli of pollen shells are still largely unexplored in the literature. Only 
one paper reported the product of the Young’s modulus and wall thickness (𝐸 ∙ ℎ) of 
desiccated ragweed pollen as 1653 ± 36 N/m.[60] This value is based upon the mean 
rupture force and deformation of the ragweed pollen under compression. An accurate 
average modulus can be obtained only if the wall thickness is known accurately. If the 
thickness of the pollen shell is taken to be ~1 µm based upon SEM images in the literature, 
the Young’s modulus will be about 1.6 GPa.[61] Therefore, the RTESPA-300 probe, with 
a suggested sample modulus of 20 to 2000 MPa, was chosen for the characterization. 
Figure 3.6a shows the average elastic moduli of CPp, CPk, CPr and ABPr measured by 
using RTESPA-300. ABPr has the lowest modulus of 1.46 ± 0.38 GPa, while CPr shows a 
much higher modulus of 8.45 ± 0.43 GPa without acid-base treatment. CPk and CPp show 
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relatively large moduli of 8.70 ± 1.15 GPa and 7.54 ± 2.72 GPa, respectively. The smaller 
sample size of CPr and ABPr is due to the morphology of ragweed pollen. The long spines 
make it difficult to get usable data on every ragweed pollen. It is noted that all results 
except for ABPr exceed the suggested moduli range of RTESPA-300. Moreover, most of 
the deformation data of these samples are below 2 nm. Small deformation indicates that 
RTESPA-300 is too soft to make a significant indentation on the pollen shell. Therefore, 
RTESPA-300 is not a suitable probe for CPr, CPp and CPk. 
Since RTESPA-300 was not appropriate, a stiffer probe, RTESPA-525, was used 
for AFM measurement. Figure 3.6a shows the moduli of the pollen grains measured by 
RTESPA-300 and RTESPA-525, respectively. The moduli measured by RTESPA-525 are 
between 1 and 20 GPa, which is the suggested sample moduli range of the probe. The 
deformations are sufficient and comparable with the deflections for fitting the DMT model 
(Figure 3.6b). Hence, the results from RTESPA-525 were more reliable than those from 
RTESPA-300. Overall, higher elastic moduli were obtained with RTESPA-525 for CPp 
and CPk. With RTESPA-525, the average moduli of CPr, CPk and CPp is 16.2 ± 2.45 GPa, 
16.1 ± 3.96 GPa and 9.53 ± 2.33 GPa, respectively. Thus, the moduli of CPr, CPk and CPp 
are even higher than most non-reinforced polymers.[131] It is interesting that the moduli 
are close to the elastic moduli of phenolic plastics, and phenolic compounds were found in 
sporopollenin.[132] The high elastic moduli indicates the great potential of pollen shells to 
be used as a polymer reinforcing filler with the advantages such as low density, low cost, 
bio-renewability and ready surface modification.[61]  It is noted that these two types of 
probes give similar results for CPp with a difference of 2 GPa, as well as overlapped error 
bars. It indicates that RTESPA-300 could be used for some samples (CPp) with higher 
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moduli than the range suggested by Bruker, even though RTESPA-525 is a better choice 
in this work.  
 
Figure 3.6 (a) The average moduli of ABPr, CPk, CPp and CPr by RTESPA-300 
and RTESPA-500. (b) The deflection versus separation curves of RTESPA-300 and 
RTESPA-525 used to fit the DMT model; data were taken with a clean ragweed 
pollen as a representative. 
3.4.5 Effect of acid-base Treatment 
In Figure 3.6a, both RTESPA-300 and RTESPA-525 gave higher moduli for CPr 
comparing with ABPr. The moduli of ABPr decreased by 82.7% and 78.4% using 
RTESPA-300 and RTESPA-525, respectively. The results indicate that the acid-base 
treatment can reduce the stiffness of pollen shells by about 50%, whilst the morphology 
can be maintained. Synthetic polyester polymer has been reported to show a similar effect 
with respect to acid-alkali treatment, where the Young’s modulus of polyester fiber was 
reduced by 41% (acid treated) and 28% (alkali treated).[133] Considering the cross-linked 
structure of sporopollenin by ester bonds, this reduction is presumed to be due to the 
degradation of the macromolecular network through hydrolysis. Although the acid-base 
treatment can reduce the elastic moduli of pollen shells, ABPr shows higher moduli than 
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some common polymers. Therefore, ABPr can still be useful for reinforcing polymer 
matrices, which is important because the acid-base treatment has been shown to facilitate 
the surface modification of pollen shells and their compatibilization with polymers. This is 
consistent with results of Fadiran et al., who used AB treatment of Pr as a precursor to 
silanization of pollens with vinylsilane coupling agents to prepare Pr-poly(vinylacetate) 
reinforced composites.[61] 
3.4.6 Effect of water vapor exposure 
In previous work by Lin et al.,[134] it was shown that cleaned ragweed pollen can become 
saturated with water as humidity is raised, through both adsorption and absorption. It was 
found that ragweed gained water in the amount of 16% dry mass at a humidity of 70%. As 
described above, ragweed pollens are more difficult to be characterized by AFM than pecan 
and Kentucky bluegrass due to the spiny morphology. Therefore, only CPp and CPk were 
used to investigate the effect of exposure to water via elevated humidity. The same samples 
of CPp and CPk that were measured previously by the RTESPA-525 tip at normal room 
humidity were stored in a 90% relative humidity environment for 24 h. Then, the resulting 
water-saturated pecan and Kentucky bluegrass pollen (WSPp and WSPk) were measured 
quickly with AFM while holding RH at 24% RH to avoid water condensation during 
measurements. WSPp and WSPk were also re-saturated at 90% RH every 30 minutes 
during the experiment. Figure 3.7 shows the average moduli of WSPp, CPp, WSPk and 
CPk measured with probe RTESPA-525. CPp and CPk show average moduli higher than 
10 GPa. However, both WSPp and WSPk show reduced moduli of 4.37 ± 1.96 GPa and 
4.45 ± 1.24 GPa, respectively. In comparison with CPp and CPk, these values correspond 
to a decrease of 54.1% (WSPp) and 72.3% (WSPk), a result that indicates that while water 
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saturation reduced the stiffness of the pollen shells, the moduli still exceed 4 GPa. The 
topological image (Figure 3.8) of WSPk also showed a different morphology comparing 
with CPk. CPk has a relatively smooth surface compared to WSPk, which may be due to 
leveling of bumps following the swelling of the sporopollenin with water. 
 
Figure 3.7 The average moduli of WSPk and WSPp compared with the moduli of 
CPk and CPp. 
 
Figure 3.8 3D-height images of (a) CPk and (b) WSPk by RTESPA-525. 
One concern for the experiment is whether absorbed water will affect PFQNM by 
introducing capillary adhesion. At high humidity (70% RH), the water taken up by the 
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pollen exine is mainly absorbed by the bulk sporopollenin according to Lin et al.[134] Only 
25% of water is adsorbed on the surface or condensed in small cavities. However, in this 
work, pollen shells are only pre-stored in high humidity. The experiments were still 
conducted in air a 24 % RH, where additional water condensation between tip and pollen 
is unlikely.[135] Moreover, the loading force of the cantilever is 1~2 µN, whilst the 
capillary force is only tens of nano-Newton at the most. In other words, even if a capillary 
or pendular bridge is formed in the probe-sample interaction, it will only have a small effect 
on the modulus measurement according to equation 3-3.  
3.4.7 Comparison with other biomaterials 
As non-crystalline materials,[136] sporopollenin showed surprisingly high elastic 
modulus at dry condition, comparing with other amorphous, neat biomaterials. Table 3.4 
shows the Young’s moduli of several biomaterials, including protein fibers from animals, 
hemicellulose and lignin from plants. In general, the plant polymers show higher Young’s 
moduli than the animal ones. At dry condition, sporopollenin has the highest Young’s 
moduli, 16.2 GPa for ragweed and Kentucky Bluegrass, and 9.53 GPa for pecan. The 
second highest moduli are 6.7 GPa (lignin) and 6.0 GPa (β-glucan), which are 2.7 and 2.4 
times less than ragweed pollen exine. Animal proteins (actin, tubulin and collagen) and 
arabinoxylan have the lowest Young’s moduli between 1 and 3 GPa. It is worth noting that 
sporopollenin bears some resemblance to lignin, where both sporopollenin and lignin have 
similar precursors (ferulic acid, phenylalanine, etc.) and phenolic ester/ether cross linking. 
In addition, lignin has the similar effect of elevated water content. The Young’s modulus 
of lignin decreased by 54% (from 6.7 GPa to 3.1 GPa), when the water content increased 
from 3.2 wt.% to 12 wt.%. Meanwhile, the moduli of pecan and Kentucky bluegrass pollen 
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exine decreased by 54.1% and 72.3%, when the environment relative humidity increased 
from 24% to 90%. In addition, the hydration effect of pollen exine indicates the amorphous 
structure of sporopollenin, which is already confirmed with X-ray diffraction.[136] 
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3.5 Conclusion 
For the first time, the elastic moduli of three types of pollen exine (shells) were 
measured directly by using AFM peak force quantitative nanomechanical mapping. 
Kentucky blue grass and ragweed pollens had moduli of 16 GPa, while pecan particles had 
a lower modulus between 8 and 10 GPa. In addition, sporopollenin was observed to be a 
very tough material qualitatively, and did not sustain any visible damage by SEM 
inspection even after multiple indentations with much stiffer silicon AFM tips. In contrast, 
silicon AFM tips were readily abraded after indentation on sporopollenin. An acid-base 
treatment commonly used to clean and process pollen reduced the modulus of ragweed 
pollen from 16 ± 2.5 GPa to 3.5 ± 0.5 GPa. Furthermore, water vapor saturation at elevated 
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humidity of 90% decreased the moduli of pecan and Kentucky blue grass pollens by 54.1% 
and 72.3%, respectively. This sensitivity is consistent with prior observations of water 
absorption by sporopollenin[134] and is similar to that observed for other natural 
amorphous biological materials[139]. In addition, AFM images indicate the swelling of 
sporopollenin after water vapor exposure. Overall, we conclude that that sporopollenin is 
an unusually stiff biomaterial, with a modulus that exceeds most other non-crystalline 
biomaterials. High stiffness likely supports adhesive functions of pollen exine, particularly 
when pollens are pressed onto other patterned substrates.[46] For example, it was shown 
recently that pollen spines can lock onto similarly-sized features on flower stigma surfaces, 
resulting in pressure-dependent adhesion behavior.  Stiff sporopollenin features support the 
appearance of load-dependent frictional forces as stigma hairs are forced in between the 
pollen spines. These results also indicate the potential of pollen particle exine shells as 
relatively stiff materials that can be used in applications such as reinforcing fillers for 
polymers[61] and protective shells for sensitive materials such as drugs.[110] 
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CHAPTER 4. ACRYLIC FUNCTIONALIZATION OF 
CELLULOSE NANOCRYSTALS WITH 2-ISOCYANATOETHYL 
METHACRYLATE 
4.1 Overview 
Cellulose nanocrystals (CNCs) exhibit a great potential as a filler for reinforcing 
polymer matrices due to their superior properties, such as high specific strength, low 
density, renewability and sustainability. However, CNCs also have drawbacks including 
hydrophilicity and low thermal stability, which lead to poor particle-matrix adhesion and 
limit the processing and application in the polymer composites industry. In this chapter, a 
versatile chemical modification route was investigated to introduce acrylic functional 
groups on the CNC surface for potential applications with acrylic polymer. The CNC 
hydroxyl group was utilized to react with a bifunctional molecule possessing both an 
isocyanate group and an acryloyl group. The resulting modified CNCs (m-CNCs) showed 
enhanced hydrophobicity and could be dispersed in the polar organic solvent 
dimethylformamide (DMF). Fourier transform infrared spectrometry, X-ray photoelectron 
spectroscopy, solid state 13C NMR, and elemental analysis verified the surface 
modification. X-ray diffraction indicated the retained crystalline structure of m-CNCs, and 
thermogravimetric analysis showed enhanced thermal stability of m-CNCs relative to 
unmodified CNCs (um-CNCs). This modification method was an effective approach to 
covalently attach acrylic moieties to CNCs, which is expected to allow them to be used as 
reinforcing agents in acrylic or other polymer composites, or stabilizers and rheological 
modifiers in polymer products. 
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4.2 Introduction 
Cellulose nanocrystals (CNCs), produced by separating crystalline cellulose from 
amorphous regions via hydrolysis of cotton, wood pulp or other cellulose sources, have 
many excellent properties, such as high specific mechanical strength and modulus, 
nanoscale dimensions, low density and a high aspect ratio[66]. The hydrolysis process 
renders the surface of CNCs with hydroxyl groups, some of which are sulfonated due to 
the use of sulfuric acid in the process. Although the hydrophilicity of these CNC surfaces 
is attractive for water-based systems, it raised great challenges in terms of the poor 
dispersity and poor interfacial adhesion for applications in organic nonpolar solvents and 
hydrophobic polymer matrices[145]. It can be difficult to disperse charged sulfonated 
CNCs even in some polar organic solvents. 
Due to the superior properties, renewability and sustainability of CNCs, there has 
been a significant interest in recent years in utilizing CNCs to improve the mechanical 
properties and durability of polymers, including those based on polyurethanes [146], epoxy 
[147-150], acrylic/urethanes [151, 152], and UV-cured wood varnishes [153]. For 
example, it was reported in 2016 that cellulose nanofibers (CNFs) were modified with an 
aminosilane and then added to a commercial waterborne acrylic/urethane coating [152].  In 
that work, the CNFs were designed to disperse in an aqueous medium and then become 
physically incorporated into the coalescing polymer droplets during drying. There is a 
possibility that the CNFs may have reacted into the final film structure via amine-alkyd 
coupling, but this is not clear from the published data. The prior art does provide evidence 
of the promise of incorporating cellulose nanomaterials (CNs) into waterborne acrylic 
coatings. The cured films with up to 20 wt.% CNF showed 90% transmittance of visible 
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light, 5x increased modulus, 2x increased hardness, and a 35% improvement in abrasion 
resistance. In a different study with acrylic/urethane waterborne coatings and unmodified 
CNCs, these properties showed only minimal improvements, and the CNC was found to 
act as a matting agent, reducing gloss.[151]  
The literature describes many methods for introducing hydrophobic groups to 
cellulose polymers [154] and more recently to CNF and CNC surfaces [155-157] to 
promote compatibility with more hydrophobic polymer matrices. The most common 
surface modification techniques are graft copolymerization by free radical mechanisms 
[154, 156-158], functionalization via silylation of  the –OH group [159-161], and 
modification by adsorbed surfactants [155]. It was reported in 1960 that vinyl monomer 
was grafted onto starch, initiated by ceric salt [162]. The primary prior art related to vinyl 
modification of CNCs is based on using ceric ammonium nitrate to initiate the graft 
copolymerization of vinyl monomers from the CNC surface [156]. Various monomers can 
be graft copolymerized onto CNCs including methyl methacrylate, methacrylate, acrylic 
acid, vinyl acetate and acrylamide. The resulting CNC/acrylic nanocomposites showed 
enhanced thermal stability and mechanical properties [157]. These grafting methods 
utilized the polymerization initiated from the cellulose –OH sites with a free radical 
mechanism.  Thus, it is always an oligomer or polymer that is being added to the CNC/CNF 
surface.   
In contrast to the common ceric salt grafting method, in this chapter a chemical 
surface modification method was developed by grafting a single acrylic functional 
monomer to the CNC surface, via covalent bonding with an –OH group. This is 
accomplished by grafting acrylic monomers via an acrylic isocyanate. The acrylic-
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modified CNCs are separated as a product with enhanced hydrophobicity and dispersity in 
organic solvents. The method developed in this chapter is expected to be broadly applicable 
across many classes of acrylic materials and cellulose-containing particles and polymers. 
 
4.3 Experimental methods 
4.3.1 Materials 
Freeze-dried CNCs (FD-CNCs) were provided by USDA Forest Products Laboratory 
and used as received. The CNCs were freeze dried from an aqueous CNC suspension 
prepared from mixed southern yellow pine dissolving pulp via 64% sulfuric acid digestion 
as described in detail elsewhere.[65] The FD-CNCs were determined to contain 0.96% 
sulfur as residual sulfate esters. The counter ion to the sulfate esters was Na+. The bi-
functional modifier molecule, 2-isocyanatoethyl methacrylate (IEM), was purchased from 
TCI America, stabilized with butyl hydroxytoluene at >98% purity. Dimethyl sulfoxide 
(DMSO, anhydrous, ≥99.9%), dimethylformamide (DMF, anhydrous, 99.8%), and 
isocyanate catalyst, DBTDL, were purchased from Sigma-Aldrich and used as received. 
Molecular sieves (MS, type 3A, EMD Millipore MX 1583D-1) and toluene (ACS, 99.5%) 
were purchased from Alfa Aesar and used as received. The chemical structures of the 
primary materials are shown in Figure 4.1. 
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Figure 4.1 Illustration of IEM and CNC reaction. 
4.3.2 Preparation of IEM-CNC 
The FD-CNCs (0.4 g) were first mixed with anhydrous DMSO (17 g) in a 40-mL 
glass vial by vortex mixing. DMSO was dried by molecular sieves for 1 h before using. 
The concentration of FD-CNCs in DMSO was ~2.3 wt%. The suspension of CNCs was 
then sonicated for 1.5 h in a 2510 Branson bath sonicator. After the sonication, the 
suspension appeared transparent, which indicated that the CNCs were dispersed 
homogeneously in DMSO. The suspension was then heated to 60 °C with magnetic stirring. 
Next, IEM (2.5 g) was added into a separate glass vial to premix with DBTDL (30 µL). 
The IEM was added in excess at a molar ratio of IEM to AGU of CNCs as 6.5:1. The 
IEM/DBTDL mixture was added dropwise into the CNC/DMSO suspension. The reaction 
was then carried out at 60 °C for 2 h. After the reaction was completed, the mixture was 
separated into four equal parts. Each part was precipitated and washed with toluene and 
centrifuged at 3000 rpm for 10 min. This process was repeated three times. The IEM/CNC 
settled down at the bottom of the vial appeared as a smooth and clear organogel (IEM-
CNC/Toluene). 
4.3.3 Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR). 
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Unmodified CNCs (um-CNC), modified CNCs (m-CNCs) and IEM were analyzed 
by ATR-FTIR to characterize their chemical structures. The equipment is a Bruker Vertex 
80 V spectrometer with ATR accessory (Bruker Platinum ATR).  The wavenumber scan 
range was from 4000 cm-1 to 600 cm-1 with a resolution of 4 cm-1 and a total of 64 scans. 
For the um-CNCs and m-CNCs, the spectra were normalized at the 1060 cm-1 peak since 
this absorbance was associated with ether groups, which were assumed to not participate 
in the reaction.  
4.3.4 X-ray photoelectron spectroscopy (XPS).  
Both um-CNCs and m-CNCs were analyzed using a Thermo K-Alpha X-ray 
photoelectron spectrometer. Powder form samples were radiated with a source of 
monochromatized Al Kα (1486.7 eV) with a 45° takeoff angle, a 400 μm beam size, and a 
50 W power. The chemical shifts were taken from the literature, and the spectra were 
corrected by setting the C−C contribution in the C 1s emission at 285.0 eV.  
4.3.5 Solid state 13C NMR 
The chemical structure and the degree of substitution were also characterized with solid-
state 13C NMR. Approximately 50 mg of um-CNC and m-CNC was packed into a 24 mm 
OD MAS rotor. CP-MAS spectra were recorded using a Bruker AV3−400 NMR 
spectrometer operating at a 1 H frequency of 400 MHz. A dual channel BB-MAS probe 
was operated at a spinning speed of 10 kHz. Cross-polarization was achieved with a 
trapezoidal shaped contact pulse for 1 H varying in power from 70 to 100% and a length 
of 2 ms. Repetition delay between scans was 4 s, and at least 12 000 scans were acquired 
for each sample to measure spectra with an excellent signal to noise ratio. The spectra were 
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normalized by the peak positioned at δ = 75 ppm, an absorbance that was attributed to the 
C2, C3, and C5 carbons in the crystalline cellulose, which were assumed to not participate 
in the reaction.[163]  
4.3.6 Elemental analysis.  
Elemental analysis was conducted by ALS Environmental in Tuscon, AZ for both um-
CNCs and m-CNCs samples. The samples were analysed for C, H, O, and N content. The 
C, H, and N content was analysed with a PerkinElmer 2400 Series II, and O content was 
analysed with a Leco Truspec Analyzer. The PerkinElmer instrument was calibrated with 
acetanilide, and the Leco Truspec was calibrated with benzylic acid. Approximately 2 to 5 
mg of sample was weighed and then held in the combustion chamber for about 5 min. The 
oxygen analyzer was held at 1000 °C and the C, H, N analyser was held at 935 °C. The 
degree of substitution was calculated based on the nitrogen content.  
4.3.7 X-ray diffraction (XRD) 
The crystalline structure of CNCs was examined with XRD analysis before and after 
the modification. XRD analysis was performed on a Panalytical XPert PRO MRD XRD 
system. Diffractograms were recorded over an angular range of 2θ = 5−70° and a step size 
of 0.008356° with Cu Kα (λ = 1.54 Å) radiation generated at an anode voltage and current 
of 45 kV and 40 mA, respectively. 
4.3.8 Thermogravimetric analysis (TGA) 
Thermal stability and changes in degradation patterns associated with the 
modification step were assessed with thermogravimetric analysis (TGA; TA Instruments 
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TGA Q5000). Freeze dried um-CNC and m-CNC were characterized. In addition, the 
disperse-washing procedure during the modification with DMSO and toluene was also 
conducted on um-CNCs. The resulted “Washed um-CNC” was also tested to examine the 
effect of washing process[164]. All samples were dried at 50 °C for 24 h before testing. 
Samples were heated from 50 °C to 600 °C at a rate of 5 °C/min under a flowing nitrogen 
atmosphere. The onset temperature (T-onset) was determined with TA Universal Analysis 
software. The onset temperature of degradation was assessed by TA Universal Analysis 
software by manually choosing a point before and after the sharp drop in mass loss on the 
weight loss curve. 
4.3.9 Contact angle measurement 
In order to characterize the change of hydrophilicity of CNCs associated with the 
modification, contact angles of um-CNCs and m-CNCs were measured with water as the 
test liquid at 20 °C using a video contact angle system (Rame-Hart goniometer). 
Unmodified CNC film was prepared by depositing drops of the aqueous um-CNC 
suspension onto a piranha-cleaned silicon wafer, followed by drying at ambient condition 
for 24 h. Modified CNC film was also prepared with the drop coating method with the 
toluene/m-CNC suspension.  
4.4 Results and discussion 
4.4.1 Characterizing the chemistry of modified CNCs 
To verify the attachment of IEM to CNCs surface with the hydroxyl/isocyanate 
chemistry as showed in Figure 4.1, ATR-FTIR was used to characterize both um-CNCs 
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and m-CNC. Figure 4.2 showed the ATR-FTIR spectra of um-CNCs, m-CNCs and IEM, 
where the spectra of um-CNCs and m-CNCs were normalized at 1060 cm-1[72]. The um-
CNCs showed absorbances of characteristic cellulosic functional groups. The strong 
absorbance at 3000-3600 cm-1 and multiple peaks around 900-1100 cm-1 are associated 
with -OH and -C-O-C- vibrations, respectively. In the spectra of IEM, two strong 
absorption peaks were observed at 2240 cm-1 and 1723 cm-1, representing the -N=C=O 
stretching and -C=O group stretching, respectively. A small peak at 1640 cm-1 represents 
the alkenyl C=C stretch in IEM. Changes were observed for m-CNC in almost all regions 
of the spectra. First, strong absorptions at 1723 cm-1 and 1640 cm-1 verified the attachment 
of C=O and C=C groups on CNCs. In addition, the multiple absorption peaks between 
1200 cm-1 and 1700 cm-1 are associated with urethane linkage. The small increment of the 
absorption between 2900    cm-1 and 3000 cm-1 also indicates the increased sp3 C-H stretch 
by the methyl group of IEM. The results suggested that the acrylic function group has been 
attached on CNCs surface via a urethane linkage formed by the reaction between hydroxyl 
and isocyanate group reaction. 
Further support for the modification reaction was provided with XPS characterization. 
Figure 4.3 showed the wide-scan XPS spectra of um-CNCs and m-CNCs. The major 
components before surface modification were carbon and oxygen with a trace of sulfur 
from the sulfate half ester groups. A nitrogen peak appeared due to the attachment of IEM 
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on CNCs surface after the modification reaction. The atomic ratios of C, O, and N were 
79.07%, 18.51% and 2.43%, respectively. 
 
Figure 4.2 ATR-FTIR spectra of um-CNCs, m-CNCs and IEM. 
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Figure 4.3 XPS wide-scan spectra of um-CNCs and m-CNCs. 
Solid state 13C NMR spectra for um-CNCs and m-CNCs were shown in Figure 4.4. 
The inset in Figure 4.4 showed the corresponding chemical structure of m-CNCs. Both 
spectra showed the chemical shifts characteristics of the anhydroglucose units (AGU) of 
cellulose[165], where typical peaks were displayed corresponding to C1 (105.2 ppm), 
C4cyst (89.2 ppm), C4amorph (83.8 ppm), C6cryst (65.4 ppm) and C6amorph (62.7 ppm). The 
resonances of C2, C3 and C5 of AGU were located closely between 70 and 80 ppm. After 
modified with IEM, six new peaks appeared as indicated in the inset, suggesting the 
attachment of vinyl groups (Ca and Cd at 127.9 ppm and 136.2 ppm), carboxyl groups (Cd 
at 168.1 ppm) and urethane linkages (Cf at 157.3 ppm). Signals between 10 to 40 ppm are 
due to the hydrocarbons, specifically the secondary carbon (Cf and Ce at 40.1 and 64.0 
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ppm) and primary carbon (Cc at 19.8 ppm)[166]. These results further supported the 
surface modification of CNCs with IEM. 
The degree of substitution (DS) was then determined based on NMR spectra. DS is 
a parameter used to describe the extent of modification as the number of hydroxyl groups 
that have been modified per AGU, which ranges from 0 to 3.0 (with three hydroxyl groups 
on each AGU). According to NMR spectra, the content of each carbon atom was 
represented by the integrated area under the signals. Therefore, the DS can be determined 






where CIEM and CAGU represent the sum of the signal area of all carbon atoms in IEM and 
AGU, and NIEM and NAGU mean the number of carbon atoms in per IEM and per AGU. 
Thus, the DS of m-CNCs was determined to be 0.14, which is two times higher than the 
common DS for isocyanate modified CNC[168]. Typically, it is more appropriate to 
consider a surface DS since only the surface hydroxyl group of CNCs can participate in the 
reaction. Eyley et al. provided the equation to calculate the number of hydroxyl groups on 
the CNC surface in moles per gram, which can be used to convert DS to the surface 
DSsurface[169]. It is noted that theoretical maximum DSsurface is 1.5 due the crystalline 
structure of CNCs, where one C2, C3, and C6 hydroxyl group point out of the crystal 
surface for every two AGUs. The DSsurface was calculated to be 0.40 according to the 
dimensions of CNCs used in this work and the crystallographic parameter reported by Wu 
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et al.[66], which means that 26.7% available hydroxyl groups on CNCs have been 
converted to acrylic functional groups. 
 
Figure 4.4 13C NMR spectra for um-CNCs and m-CNCs. 
Elemental analysis on um-CNCs and m-CNCs further confirmed the modification 
reaction, and the data were also used to calculate the DS. Nitrogen content in um-CNCs is 
negligible. After the modification, the m-CNCs contained 0.76 wt.% nitrogen, suggesting 




162 + 𝑊𝑆 × 𝐷𝑆





where Y is the percent of substituted hydroxyl groups, MIEM is the molecular weight of 
IEM, MN is the molecular weight of nitrogen atom, and WS is the net increase in formula 
weight from one substituent group per AGU. The resulted DS is 0.10 according to the fDS 
results between NMR and elemental analysis may raise from the different NMR signal 
sensitivity for each carbon atoms in the samples. 
Table 4.1 Elemental Composition of um-CNCs and m-CNCs 
 C H N O 
Unmodified 
CNC (wt.%) 
41.1 5.6 <0.05 44.4 
Modified CNC 
(wt. %) 
40.5 6.2 0.76 46.8 
 
4.4.2 Crystallinity of um-CNCs and m-CNCs 
XRD was used to examine the effect of surface modification on the CNC crystal structure. 
The um-CNCs showed typical peaks at 22.5 ° and 34.5 °, corresponding to the cellulose I 
structure[170]. After the modification, the peaks at 34.5 °, 39.2 °, and 47.5 ° showed 
evident reduction. The crystallinity indexes for um-CNC and m-CNC were calculated 
according to the method developed by Segal et al.[171] As expected, the crystallinity index 
decreased from 91.4% for um-CNC to 72.1% after the modification.  
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Figure 4.5 XRD spectra of um-CNC and m-CNC. 
4.4.3 Thermal stability of um-CNCs and m-CNCs 
Thermal stability of unmodified, modified CNCs and washed um-CNC was 
analysed by thermogravimetric analysis (TGA). The weight loss curves and derivative 
weight loss curves of the samples were shown in Figure 4.6. First, the sample experienced 
washing process showed early degradations at around 100 °C, which was attributed to the 
evaporation of residual toluene. The onset temperature of degradation for three samples is 
shown in Table 4.2. Unmodified CNCs showed a slightly lower onset temperature than m-
CNCs with a difference of 6 °C. However, the washing process reduced the onset 
temperature of um-CNC from 246 °C to 214 °C. Comparing the washed um-CNC with m-
CNC, the results suggested that the modification improve the thermal stability with an 
enhanced onset temperature from 214 °C to 252 °C. 
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Table 4.2 The onset temperature of degradation. 
 um-CNC um-CNC m-CNC 
Drying Method Freeze Dried Wash and dried Wash and dried 
Onset Temperature °C 246± 2.3 214 ± 1.2 252 ± 2.1 
 
 
Figure 4.6 (a) Weight loss cures and (b) derivative weight loss curves for um-CNCs, 
m-CNCs, and washed um-CNCs. 
4.4.4 Enhanced hydrophobicity of m-CNCs 
Sessile drop water contact angle measurements are used to verify the enhanced 
hydrophobicity of m-CNCs. Uniform films were prepared with drop coating um-CNC (in 
water) and m-CNC (in toluene) to piranha-etched silicon wafer. Figure 4.7 shows the water 
contact angles on um-CNCs was similar to that on silicon wafer, indicating the 
hydrophilicity of um-CNCs. After the modification with IEM, the water contact angle 
increased from 27 ° to 62 °. This enhanced hydrophobicity of m-CNCs can be correlated 
to the better dispersity in DMF as shown in Figure 4.8. The um-CNCs formed a turbid 
suspension in DMF after 2 h of sonication, while the m-CNCs can form a clear suspension 
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with only mildly vortex. The highest contact angle of modified CNCs is reported as 94 °, 
where high density grafting of polystyrene chains was achieved. However, in this work, 
the grafting agent is only a small bifunctional group. 
 
Figure 4.7 Water contact angles for piranha-etched silicon wafer, um-CNCs film 
and m-CNCs film. 
 




In this chapter, freeze dried CNC was modified with IEM to introduce acrylic 
functional groups on the surface for potential applications with acrylic polymer. The 
modification process is optimized to achieve a relatively high density of acryloyl groups 
on CNCs surface. ATR-FTIR, XPS, solid state 13C NMR and elemental analysis confirmed 
the attachment of IEM and acrylic groups on CNCs. The presence of vinyl groups was 
confirmed with NMR spectra. The surface degree of substitution is determined as between 
0.28 and 0.40 based on the results of NMR and elemental analysis. XRD showed a slight 
decrease in the crystallinity index of CNCs from 91.4% to 72.1% after the modification. 
TGA showed the enhanced thermal stability as an increased onset temperature of 
degradation from 214 °C to 252 °C. Finally, the enhanced hydrophobicity of m-CNCs was 
confirmed with sessile water contact angle measurement, where the contact angle increased 
from 27 ° to 62 °. The resulting m-CNC may serve as reinforcing agents in acrylic polymer 






CHAPTER 5. MECHANICAL PROPERTIES OF ACRYLIC 
FUNCTIONALIZED PMMA/CNC COMPOSITES: THE EFFECT 
OF SURFACE MODIFICATION OF CNC AND OPTIMIZED 
PREPARATION PROCESS 
5.1 Overview 
 Acrylic polymer is a major class of plastics with a great variety of applications. 
Polymethylmethacrylate (PMMA) is one of the most important commercial acrylic 
polymers, which has been used as windows, lenses and other optical devices. However, its 
application has been limited by the relatively low mechanical properties. In this chapter, 
acrylic functionalized CNCs were first incorporated into PMMA matrix with the “solution-
casting” method to reinforce the mechanical performance. The enhanced dispersity of m-
CNCs were verified with polarized light microscopy (PLM) and UV-vis spectrometry. 
Tensile testing showed the reinforcing effect of m-CNCs. However, the residual DMF issue 
associated with the “solution-casting” method was identified with the results from ATR-
FTIR, DSC and TGA. Two alternative processing methods: the “bulk-pressing” and 
“solution-pressing” methods were developed and optimized. Although the “bulk-pressing” 
method increased the molecular weight of PMMA matrix, significantly reduced the 
residual DMF, and achieved higher tensile strength, the highly energy consuming drying 
process may neutralize the benefits. Meanwhile, the “solution-pressing” method can 
effectively remove DMF with a simple precipitation process. It was surprising that the 
solution-pressing method achieved the highest tensile strength of m-CNCs samples with 
the lowest molecular weight, compared to the other methods. These results indicated the 
significant role of the interfacial adhesion in composite materials. 
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5.2 Introduction 
Acrylic polymers represent a major class of commercial plastics and are utilized in a 
wide range of products and industries. Two of the most significant are the paints and 
coatings and transparent high-strength plastics for windows (such as Plexiglas® and 
housewares). For example, acrylic surface coatings are the leading material used in the 
paint and coatings industry and are utilized in all three major market categories: 
architectural coatings, OEM product finishes, and special-purpose coatings.  For another 
example, the Europe acrylic sheet market size in 2016 was about $1.41 billion, and 
increasing demand for infrastructure development as well as residential construction is 
expected to propel growth in the recent future.  
Polymethylmethacrylate (PMMA) is one of the most important commercial acrylic 
polymers, which has been used as windows, lenses and other optical devices. However, its 
application has been limited by the relatively low mechanical properties. Many attempts 
have been made to reinforce its mechanical properties with nano-sized particles[78, 172-
174] and micro sized fibers[175, 176]. Meanwhile, cellulose nanocrystals (CNCs) exhibit 
a great potential of reinforcing polymer matrix with superior properties, such as higher 
specific strength, low density, renewability and sustainability. More recently, several 
researches have been reported for using CNCs or modified CNCs as reinforcing materials 
for PMMA with different preparation method. Liu et al. incorporated CNCs into PMMA 
matrix through in-situ solution polymerization followed by a solution casting process.[80] 
Mabrouk et al. prepared nanocomposite film via mini-emulsion polymerization and 
methyacryloxypropyl triethoxysilane (MPS) was used to functionalize CNCs.[177] 
Benerjee et al. performed surface treatment on cellulose fibers with methyl methacrylate 
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(MMA) and performed in-situ suspension polymerization.[70] Sain also used in-situ 
suspension polymerization method with maleic anhydride treated cellulose 
micro/nanofibers (CNF).[81] Kedzior et al. combined CNCs with surfactant to stabilize 
miniemulsion polymerization of PMMA.[178]  
In this Chapter, acrylic functionalized CNCs were utilized to reinforce the 
mechanical performance of PMMA. The modified CNCs (m-CNCs) were in-situ 
polymerized with PMMA in DMF solution. Two alternative methods were developed to 
optimize the reinforcing effect of the m-CNCs. 
5.3 Experimental methods 
5.3.1 Materials 
Freeze-dried unmodified CNCs (um-CNCs) were provided by USDA Forest 
Products Laboratory and used as received. Acrylic functionalized CNCs (or modified 
CNCs, m-CNCs) were prepared based on the method described in Chapter 4. Methyl 
methacrylate (MMA) was purchased from Sigma-Aldrich, containing ≤30 ppm 4-
methoxyphenol as inhibitor at 99% purity. Inhibitor remover and prepacked column were 
purchased from Sigma-Aldrich for removing 4-methoxyphenol. Dimethylformamide 
(DMF, anhydrous, 99.8%), and benzoyl peroxide (BPO, Luperox® A98) were also 
purchased from Sigma-Aldrich and used as received. 
5.3.2 Eliminate toluene from m-CNCs/toluene organogel 
Before preparing PMMA/m-CNC composite, the residual toluene was eliminated by 
rotary evaporation. The m-CNC/toluene mixture with 0.4 g CNC was first dispersed in 
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DMF (10 g). The m-CNC/toluene/DMF suspension was then evaporated at 60 °C with 
reduced vacuum in a IKA RV 10 Rotary Evaporator for 15~20 min. The weight of the 
suspension was tracked and the evaporation was stopped when most of the solvent was 
gone. The resulted sample is a concentrated m-CNC suspension in DMF, with a clear and 
transparent looking. 
5.3.3 Solution polymerization and solution casting method 
PMMA composites were prepared with both um-CNC and m-CNC. Modified CNCs 
were in-situ polymerized with MMA in DMF to synthesize PMMA/m-CNCs 
nanocomposites at loadings of 0.5 wt.%, 1 wt.% and 2wt.%. A schematic illustration of the 
in situ polymerization is shown in Figure 5.1.Modified CNCs were first dispersed in DMF. 
The suspension was then sonicated for 1 h. MMA was purified by passing through a 
inhibitor removing column. The purified MMA was added into the mixture and mixed by 
vortex. The concentration of MMA in DMF was kept as 0.25 g/Ml. The resulted m-
CNC/MMA/DMF mixture was divided into two equal parts. A stoichiometric amount of 
BPO was dissolved in the first part of the mixture. The molar ratio of BPO: MMA was kept 
as 1:1000 for all samples. The first part was then poured into a 3-neck flask heated with an 
oil bath. The flask was heated up to 80 °C under mechanical stirring with a Caframo 
Compact Digital Lab Mixer, and refluxed under flowing nitrogen. After 1 h of the reaction, 
the second part of the mixture was added dropwise by a separatory funnel within 0.5 h. The 
reaction continued for 5.5 h. The nanocomposite mixture was then poured into glass Petri 
dishes. The amount of the mixture was controlled so that the thickness of the resulted film 
after drying was 0.5 ± 0.1 mm. The glass dishes were covered by aluminum foil with 
pinholes and placed in a convection oven (BINDER Inc. Germany). The mixture in glass 
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dishes were dried at 60 °C for 72 h. The films were released from the glass dishes by a 
blade. The um-CNCs/PMMA sample with the same loadings were also prepared with the 
same procedure. It is noted that all composite loadings are based on the weight of CNCs 
only. The procedure for preparing neat PMMA films was identical to the procedure for the 
composite, except the addition of um-CNCs or m-CNCs. 
 
Figure 5.1 A schematic illustration of the in situ polymerization of MMA with m-
CNCs. 
5.3.4 Bulk polymerization and hot pressing 
Bulk polymerization was carried out with a similar way of solution polymerization, 
instead that only a small amount of DMF was used, where the weight ratio between MMA 
and DMF was 20:3. To begin with, concentrated m-CNC/DMF suspension was mixed with 
MMA in a 40-mL glass vial. The mixture was sonicated for 1 h in a 2510 Branson bath 
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sonicator. Then, BPO was added into the mixture with the same 1:1000 initiator/monomer 
ratio. After dissolving the BPO in the mixture by mildly vortex (IKA VORTEX 3) and 
degassing the mixture in the sonicator, the glass vial was sealed and stored in the 
convection oven at 60 °C for 24 h, followed by 90 °C for one more hour. The resulted bulk 
neat PMMA, PMMA/um-CNC and PMMA/m-CNC samples were hot pressed down to a 
film with a thickness around 0.5 mm with a Carver Hydraulic Hot Press system. The film 
samples were further dried in vacuum at 150 °C for 24 h to eliminate the residual DMF. 
Samples of the same loadings were prepared for both um-CNC and m-CNC as the solution 
polymerized samples. For neat PMMA, the samples with and without the same amount of 
DMF were both prepared as a control. 
5.3.5 Solution polymerization and precipitation 
A different post processing method was explored with the solution polymerized 
samples. After the polymerizing reaction was done, the polymer solution was poured into 
excess DI water with rigorous magnetic stirring, instead of being casted on glass petri 
dishes. The neat PMMA or PMMA/CNC composites were precipitated and filtered. The 
solid samples were further washed with DI water for 3 times. The resulted samples were 
drying in the convection oven at 80 °C for 12 h before hot pressing. 
5.3.6 ATR-FTIR 
Polymer films were analyzed by ATR-FTIR to characterize their chemical 
structures. The equipment is a Bruker Vertex 80 V spectrometer with ATR accessory 
(Bruker Platinum ATR).  The wavenumber scan range was from 4000 cm-1 to 600 cm-1 
with a resolution of 4 cm-1 and a total of 64 scans. All spectra were normalized at 1730 cm-
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1 peak, since it is corresponded with the ester groups of acrylates, which were not reactive 
during the in-situ polymerization[173]. 
5.3.7 Gel permeation chromatography (GPC) 
The molecular weight and polydiversity (PDI) of PMMA and PMMA composites 
were measured using a Shimadzu gel permeation chromatography setup (GPC equipped 
with a RID-10A refractive index detector, LC-20A chromatograph pump, and CTO-20A 
column oven). DMF was used as the eluent at an operating temperature of 35 °C and a flow 
rate of 1 mL/min. Two 5 mm phenogel 10 E4A columns (molecular weight range: 200 to 
2×106 g/mol ) were calibrated using linear polystyrene (PS) standards.  
5.3.8 Differential scanning calorimetry (DSC) 
The glass transition temperature (Tg) of all samples were measured by DSC (TA 
Instruments DSC Q200). As a first step, samples were annealed in the instrument at 160 
°C or 200 °C and then cooled to 0°C at a rate of 20°C/min. The samples were subsequently 
heated to 160°C at a rate of 10°C/min. This last heating step was used to obtain Tg of the 
sample. The value of Tg was assigned as the midpoint of the transition region of the heat 
flow curve using the instrument analysis software. Three tests were performed for each 
sample and the average value was reported. 
5.3.9 TGA 
The amount of residual DMF and thermal stability of the composite samples were 
assessed with thermogravimetric analysis (TGA; TA Instruments TGA Q5000). Samples 
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were first heated from 25 °C to 150 °C at a rate of 5 °C/min, then held at 150 °C for 30min, 
and further heated to 600 °C under a flowing nitrogen atmosphere.  
5.3.10 Polarized light microscopy (PLM) 
CNC dispersion in PMMA matrix was investigated qualitatively with an optical 
microscope (Olympus BX51) equipped with two polarizers (Olympus U-AN360P). Large 
CNC aggregates will be observed as birefringence due the crystallinity[71]. Images were 
captured with an Olympus camera (U-CMAD3) AND processed with PictureFrame 
software. All images were taken in a transmission mode with a 20X objectives and at full 
extinction of the polarizer. 
5.3.11 UV-vis spectroscopy 
The light transmission of neat PMMA and composites were assessed by UV-vis 
spectroscopy with a SHIMADZU UV-1800 spectrophotometer. The UV-vis absorption of 
samples was obtained and converted to the light transmission. The transmission was 
normalized with a film thickness of 0.6 mm according to the Beer-Lambert law. The light 
transmission at 550 nm wavelength was compared among different um-CNC and m-CNC 
loadings. 
5.3.12 Tensile testing 
The tensile strength of all samples was investigated with uniaxial tensile testing on 
a Instron 5842 Universal testing machine. The samples were prepared by cutting the films 
with a dog bone die based on the ASTM D1708-13. The test section was approximately 22 
mm long, 4.93 mm wide and 0.6 mm thick. The testing speed was set as 1mm/min. The 
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average tensile strength, elastic modulus, elongation at break were reported based on at 
least four specimens for each composition.  
5.3.13 Scanning electron microscopy (SEM) 
Both tensile fracture surface and cryofracture surface were examined with a Zeiss 
Ultra-60 FE-SEM to reveal the surface morphology and fracture mechanisms. Fractured 
composite films were mounted on sample holders, where the fracture surface is facing 
upward. Then, samples were sputter-coated with Au/Pd in a Hummer sputtering system to 
prevent charge build-up during measurement. All images were obtained under an 
accelerating voltage of 5.0 kV. 
5.4 Results and discussion 
5.4.1 Solution-casting method 
5.4.1.1 Chemistry of PMMA/m-CNC Composites 
The chemical structure of the polymer composites was also characterized with 
ATR-FTIR, shown in Figure 3. For all CNC loadings tested here, the absorption at 1723 
cm-1 represented the acrylate carboxyl group. The distinct absorption bands from 1150 
cm-1 to 1250 cm-1 corresponded to the C-O-C stretching vibration. The band at 1444 cm-
1 can be assigned to the bending vibration of the C-H bonds of the –CH3 group. The two 
bands at 2997 cm-1 and 2952 cm-1 can be attributed to the C-H bond stretching vibrations 
of the –CH3 and –CH2 groups, respectively. It was noted that the weak absorption at 1680 
cm-1 indicated the residual DMF in the sample. However, no new peaks were observed 
with ATR-FTIR due to the addition of CNCs. 
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Figure 5.2 ATR-FTIR spectra of neat PMMA and PMMA composites with m-CNC, 
at CNC loadings of 0, 0.5, 1.0 and 2.0 wt.%. 
The molecular weight and PDI of the in-situ polymerization product were measured 
with gel permeation chromatography, as shown in Figure 5.3. The results were 
summarized in  
Table 5.1. For the m-CNC composite, two peaks were detected at the retention 
times of 8 min and 12.5 min, respectively. The second peak was identified as free PMMA 
chains according to the result of neat PMMA. Given the specific reaction condition 
described above, the number-averaged molecular weight (Mn) ranges from 60 kDa to 70 
kDa. The composite sample showed lower molecular weight, indicating the exist of um-
CNCs or m-CNCs may hinder the length of free PMMA chains, considering that MMA 
monomer also reacted with m-CNC. However, the Mn of 1.0% m-CNCs composite is much 
lower than the others. Some factors like oxygen exposure, reaction time or initiator content 
may affect the final Mn. More interestingly, an additional peak at around 8 min was detected 
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with all m-CNCs composites, while the neat PMMA and um-CNCs composites didn’t show 
this peak. This early peak indicated an extremely large Mn, which was not reasonable for 
PMMA chains. Moreover, the area percentage of the first peak increased with the 
increasing m-CNC loading. The results suggested that the first peak may associated with 
the nanoscale m-CNCs and/or PMMA grafted m-CNCs, which can pass through the 
membrane filter for sample purification. The unmodified CNCs were filtered out with 0.45 
μm pore size of the filter. Thus, this peak was not shown in PMMA/um-CNC samples. The 
results also indicated that the surface modification enhanced the dispersity of CNCs and 
achieved nanoscale particle dispersion. It was worth noting that the Mn results may be a 
little different from the real value since the GPC is calibrated with a linear polystyrene 
standard, while PMMA chains may have branches and different configurations. 
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Figure 5.3 GPC curves of PMMA/m-CNC at loadings of 0.5, 1.0 and 2.0%, and 
PMMA/um-CNC at 2.0% loading. 
 
Table 5.1 The molecular weight of PMMA composite with 0.5, 1.0, 2.0% m-CNC, 
and 2.0% um-CNC. 
 Peak Mn Area Percentage % 
Neat PMMA a 0 0 
 b 70422 100 
0.5% m-CNC_PMMA a 377073810 3.3 
 b 60697 96.7 
1.0% m-CNC_PMMA a 103014856 6.6 
 b 46908 93.4 
2.0% m-CNC_PMMA a 89864458 11.0 
 b 63239 89.0 
2.0% um-CNC_PMMA a 0 0.0 
 b 66725 100.0 
5.4.1.2 Dispersion of CNCs in PMMA matrix with solution polymerization 
PLM is a useful tool for analyzing CNC dispersions in transparent/amorphous matrix[150]. 
The crystalline nature of CNCs can give rise to obvious birefringence when viewed under 
polarized light due to their optical anisotropy. Conversely, if the PLM images showed non-
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birefringence, it can be concluded that the CNCs are well dispersed at this length scale. 
PLM also enables the assessment of dispersion in large scale, compared with electron 
microscopy techniques. Both bright field (normal) and dark field (PLM) images of um-
CNC and m-CNC composite are shown in Figure 5.4a. Modified CNC composite at all 
loadings showed completely dark images, which suggesting an amorphous materials and 
well dispersed m-CNC. While the um-CNC composite with 2.0% CNC loading showed 
birefringent regions across the whole observed area. This result indicated that um-CNC 
tends to aggregate in PMMA matrix, and m-CNC were likely dispersed more 
homogeneously with enhanced compatibility with PMMA matrix. Moreover, the reactivity 
of acrylic groups on m-CNCs surface can also facilitate the dispersion during the in-situ 
polymerization process. In addition to microscopic images, the bulk composite materials 
also showed a great contrast in light transmission. Figure 5.4b highlighted the optical 
properties of neat PMMA, 2.0% m-CNC and 2.0% um-CNC composites. The m-CNC 
composite samples showed similar transparency with neat PMMA, while the um-CNC 
composite showed hazy looking with a white color of um-CNC powders. The light 
transmission of neat PMMA and composite samples were quantitatively assessed by using 
UV-vis spectroscopy as shown in Figure 5.5. At 550 nm wavelength, the light transmission 
of 0.5, and 1.0 % m-CNC composite remained 100%. It came to 92.3% when the m-CNC 
loading was further increased to 2.0%. In contrast, the um-CNC composite showed reduced 
light transmission as 92.1%, 77.1% and 85.5% for 0.5, 1.0 and 2.0% loadings. Combining 
the results form PLM and UV-vis spectroscopy, it was concluded that the modified CNCs 
were well dispersed in PMMA matrix with in-situ solution polymerization. 
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Figure 5.4 (a) PLM images of PMMA/m-CNC with 0.5, 1.0, and 2.0 wt.% CNC 
loading, and PMMA/um-CNC with 2.0% CNC loading, scale bars are 100 µm (b) 
Photographs of neat PMMA, PMMA/m-CNC_2.0%, and PMMA/um-CNC_2.0% 
composites, scale bar: 2 cm. 
 
Figure 5.5 UV-vis light absorbance (left) and transmission (right) of PMMA 
composites. 
5.4.1.3 Mechanical and thermal properties of PMMA/CNC Composites. 
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The mechanical performance of the composites and neat PMMA was assessed with 
uniaxial tensile testing as shown in Figure 5.6. In general, m-CNCs showed better 
performance than um-CNCs in terms of the reinforcing effect. For the tensile strength, both 
um-CNC and m-CNC composite improved the tensile strength at 0.5 and 1.0% loadings, 
while the samples containing m-CNCs performed better than samples loaded with um-
CNC. For example, at 1.0% CNC loading, PMMA/m-CNC exhibited a tensile strength of 
26.2 MPa, which is 17.5% higher than that of PMMA/um-CNC composites, and 63.8% 
higher than that of neat PMMA. When the CNC loading further increased to 2.0%, um-
CNC composite showed significant reduction in tensile strength as 13.4 MPa, which is 
even lower than that of neat PMMA. In the contrast, m-CNC composite maintained a 54.4 
% increase of tensile strength compared to neat PMMA. Although the ASTM 1708 
standard is not capable to give quantitative elastic modulus results, the elastic modulus was 
calculated based on the initial slope of the stress-strain curves as shown in Figure 5.6b. 
Although, it was expected that the incorporation of highly rigid CNCs can stiffen the 
PMMA matrix, the m-CNCs still showed better stiffening effect than um-CNCs. It was 
worth noting that 0.5% m-CNC showed better reinforcing performance than 1.0% um-
CNC. Therefore, less m-CNC is needed to achieve equivalent or even better performance 
than um-CNCs. In addition, m-CNCs composite beard longer elongation before break than 
um-CNC composite, even though the composites samples all have less elongations at 
break. Assuming the particle size and particle loading are similar at given concentration of 
m-CNC or um-CNC, these results implied that the increase in tensile strength is due to a 
better particle-matrix adhesion[9], which is improved by achieving covalent bonding with 
modified CNC surface chemistry. 
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Figure 5.6 (a) Tensile strength, (b) Elastic modulus, (c) Elongation at break of um- 
and m-CNC composite and neat PMMA and (d) representative tress-strain curves of 
all solution-casting samples. 
Nevertheless, it was noted that the tensile strength range of all samples were sitting 
at the lower bound of commercial PMMA materials, which is between 25 MPa and 70 MPa 
dependent on molecular weight and/or configuration[70, 77, 179, 180]. Moreover, the 
maximum elongation that the glassy PMMA can withstand without failure is 30%, which 
is even lower than that of the neat PMMA in this work. Coupling with the results of ATR-
FTIR, it was believed that the residual DMF in PMMA matrix resulted in the lower tensile 
strength and higher elongation at break than common bulk PMMA materials.  
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 DSC characterization was performed to analyze the glass transition temperature of 
the composite material, as well as to verify the effect of residual DMF. The DSC tests were 
first performed on neat PMMA and um-CNC composite in between 20 °C and 160 °C. The 
results are summarized in Table 5.2. Neat PMMA had glass transition temperature at 
70.48oC, while the composites had decreasing Tg along with increasing um-CNC loading. 
The shift of Tg to a lower temperature suggested an increase of the mobility of polymer 
chains. It was believed that the presence of um-CNC can induce the mobility of polymer 
chains by forming hydrogen bonds at the interface[80]. However, all Tg were also lower 
than the common PMMA materials with the similar molecular weight. It was hypothesized 
that the lower Tg may be also due to the residual DMF, which can improve PMMA chain 
mobility. To verify the hypothesis, a wider heating range (20oC to 200oC) was adopted to 
eliminate the residual DMF. Firstly, a significant endothermal peak appeared at around 
150oC during the first heating run. The endothermal peak can be corresponded with the 
evaporation of residual DMF, which has a boiling point between 152oC and 154oC. Then, 
the glass transition temperature was measured from the second heating run as shown in 
Table 5.3. The glass transition temperature measured with the wider heating range fell in 
between 100 oC and 120 oC, which is consistent with the literature values. The shift to lower 
Tg was still observed with increasing um-CNC or m-CNC loading, which could result from 
the short PMMA chains on the m-CNC surface.   
Combined with the results of FTIR, DSC and tensile testing, it was clear that DMF was not 
eliminated during the drying process after solution casting. DMF was locked within bulk 
PMMA matrix and compromised the mechanical and thermal properties of PMMA 
composites. Alternative preparation were explored and discussed as following. 
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Table 5.2 Tg of neat PMMA and um-CNC composite, the heating range is from 
20oC to 160oC  





Table 5.3 Tg of neat PMMA, um-CNC and m-CNC composite, the heating range is 
from 20 oC to 200 oC 
CNC loading um-CNC Tg m-CNC Tg 
Neat 111.88 ± 4.40  
0.5% 116.46 ± 2.09 116.40 ± 0.30 
1.0% 106.85 ± 6.78 104.63 ± 5.11 
2.0% 102.92 ± 2.43 104.84 ± 1.48 
5.4.2 Bulk-pressing method 
An alternative way to avoid residual DMF is in-situ bulk polymerization. The 
advantages of bulk polymerization make it a primary manufacturing method for PMMA 
sheets, including simple system, pure product, and especially high optical clarity. However, 
it also leads to a broad molecular weight distribution due to the high viscosity and lack of 
good molecule diffusion and heat transfer. Nevertheless, although m-CNCs were granted 
acrylic groups on surface and showed improved hydrophobicity, it was still difficult to 
achieve as good dispersion in MMA as in DMF. Thus, the reduced amount of DMF 
(15wt.%) was used with bulk polymerization to improve the dispersion of m-CNC. 
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 GPC results showed that bulk polymerized samples had significantly higher 
number averaged molecular weights than the solution polymerized samples. For example, 
bulk polymerized neat PMMA (without DMF) had a Mn as 172 kDa, with a PDI as 1.87. 
Bulk polymerized PMMA/m-CNC composite with 0.5% loaded CNC and 15 wt.% DMF 
(Bulk_PMMA/m-CNC_0.5%) presented Mn as 122 kDa. Compared with the neat PMMA 
prepared without DMF, the lower Mn of Bulk_PMMA/m-CNC_0.5% and solution 
polymerized sample resulted from the chain transfer effect to the solvent (DMF). 
Tensile testing was performed with the bulk polymerized neat PMMA and 
PMMA/m-CNC composites before and after the vacuum drying process. Figure 5.7 
presented the tensile strength for all bulk polymerized samples with reduced amount of 
DMF. The blue columns represent the samples before vacuum drying, while the orange 
columns represent the post-dried samples. First, comparing the blue columns with the 
orange columns, the tensile strength increased significantly after the vacuum drying 
process for all samples. Secondly, the bulk polymerized samples showed higher tensile 
strength than the solution polymerized ones, mainly due to the improved molecular weight. 
For example, the pre-dried neat PMMA had a tensile strength as 34.6 MPa, which is 116% 
higher than the solution polymerized counterpart. It was noted that the pre-dried 2.0% m-
CNC loaded samples had a much lower tensile strength than 0.5 and 1.0%. This is because 
that twice amount (30 wt.%) of DMF was needed during the bulk polymerization to provide 
sufficient dispersion of 2.0% m-CNC loading. As for post-dried samples, a continuous 
improvement in tensile strength was observed. The highest tensile strength was achieved 
at 1.0% m-CNC loading with a 15% increase (from 43.1 MPa to 49.62 MPa) compared to 
the neat samples. 
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Unmodified CNCs were also incorporated in PMMA with the bulk-pressing 
method. However, um-CNCs cannot be homogenously dispersed in MMA even with 15% 
or 30% DMF, due to the incompatibility between hydrophilic CNCs and hydrophobic 
MMA. The um-CNC precipitated at the bottom of the glass vials after 2 h of sonication as 
shown in Figure 5.8a. The resulted bulk samples also presented a heterogeneous 




Figure 5.7 (a)The tensile strength, (b) elongation at break, and (c) elastic modulus of 
neat PMMA and m-CNC composite before and after vacuum drying. and (d) 




Figure 5.8 (a) Unmodified CNCs dispersed in MMA at loadings of 0.5, 1.0 and 2.0%. 
(b) PMMA/um-CNC composites prepared by bulk polymerization from MMA/um-
CNC suspension. 
TGA results further confirmed the effect of vacuum drying process and the residual 
DMF.  
Figure 5.9 The weight loss curve of neat PMMA (bulk polymerized without DMF), 
and PMMA/m-CNC composite at 0.5% loading (prepared with 15 wt.% DMF) 
before and after 24 h vacuum drying at 150 °C. 
 compared the weight loss curves of three bulk polymerized samples, including neat 
PMMA (prepared without DMF), pre- and post-dried PMMA/m-CNC composite (0.5% 
loading). Neat PMMA sample showed 1.220% weight loss during the 30-min isothermal 
at 150°C, which is primarily the moisture loss. In contrast, the pre-dried m-CNC 
composites lost 14.290% weight during the isothermal. This significant weight loss is 
associated with the evaporation of DMF, which is supported by the amount of pre-added 
DMF (15 wt.%). After vacuum drying for 24 h, the post-dried composites samples had a 
weight loss of 1.688%, which is close to but slightly higher than that of neat PMMA 
samples.  
TGA results combined with GPC and tensile testing supported the conclusion that 
the bulk-pressing method effectively removed the amount of residual DMF by reducing 
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the used amount of DMF and vacuum drying at high temperature. However, the economic 
and environmental benefits of the reduced DMF usage might be neutralized by the energy 
consumption. 
 
Figure 5.9 The weight loss curve of neat PMMA (bulk polymerized without DMF), 
and PMMA/m-CNC composite at 0.5% loading (prepared with 15 wt.% DMF) 
before and after 24 h vacuum drying at 150 °C. 
5.4.3 Solution-pressing method 
5.4.3.1 Mechanical properties 
Although the post drying process has proved significant reduction of DMF and 
enhanced tensile strength, it is still a low efficiency method considering the low diffusivity 
of DMF in solid state PMMA matrix[181]. It will be more effective to remove DMF at 
early stage when PMMA has not been converted to bulk materials. Therefore, the solution-
pressing method was used to precipitate PMMA composites in DI water, followed by hot 
pressing flake and powder form composites to film. Figure 5.10 showed the composite 
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flakes after precipitation and washing processes. The resulted flakes were then dried at 
80°C for 12 h before hot pressing. 
The tensile strength of solution-pressing sample was shown in Figure 5.11. All 
samples have a consistent Mn between 40 kDa and 44 kDa. For m-CNCs samples, the 
largest tensile strength was achieved by 2.0% loading samples as 53.7 MPa, which is 87.3% 
higher than the neat PMMA. The um-CNC samples showed lower reinforcing effect at 
0.5% loading. When the um-CNC loading was further increased to 2.0%, the composites 
became too brittle to be cut into a tensile testing specimen as shown in Figure 5.11. In fact, 
it was also difficult to prepare specimens with the 0.5% um-CNC loading samples, and 
about 50% attempts were failed. The brittleness of um-CNC composites and the excellent 
reinforcing effect of m-CNC composite were attributed to the enhanced interfacial 
adhesion by the surface modification in Chapter 4. However, it was worth noting that the 
solution-casting method didn’t cause this brittleness issue on um-CNC composites 
samples, where DMF plasticized the PMMA matrix and the samples showed a relatively 
high elongation at break around 20%. While the solution-pressing method give elongation 
at break between 15% and 5% as shown in Figure 5.11(b). Therefore, the high tensile 
strength of m-CNCs composites and the brittleness of um-CNCs composites demonstrated 
that DMF was effectively removed with this solution-pressing method. In addition, it was 
impressive that the solution-pressing method achieved higher tensile strength with even 
lower molecular weight, compared to the solution-casting method and the bulk-pressing 
method. Finally, the removed DMF can be recycled from water to create more economic 














Figure 5.11 (a)The tensile strength, (b) elongation at break, (c) elastic modulus of 
neat PMMA, and (d) representative stress-strain curves of PMMA/m-CNC (0.5, 1.0 
and 2.0%) and PMMA/um-CNC_0.5%. The inset in (a) showed the brittleness of 
PMMA/um-CNC composite at 2.0% loading. 
5.4.3.2 SEM analysis 
Both cryo-fracture surface and tensile fracture surface were examined with SEM to 
reveal the surface morphology and fracture mechanism. As shown in Figure 5.12, all 
samples have relatively smooth surfaces and debris at the edges of films. This kind of 
morphology indicates the brittleness of neat PMMA and PMMA composites.[182] It was 
noted that some micro/sub-micro sized voids were found. Considering those films were 
prepared by hot-pressing PMMA powders, those voids may result from the hot-pressing 
procedure, where air was trapped in the polymer matrix. Stress may concentrate around 
these voids or defects under tensile testing. 
Figure 13 showed the tensile fractured surfaces of neat PMMA and composite 
materials. While PMMA and PMMA_umCNC showed similar fracture surface 
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morphologies, PMMA_mCNC exhibited interesting features around the micro sized voids. 
Strong contrasts were observed around voids as showed in the inset of Figure 5.13b. The 
area near the void showed fibril-like structures pointing out of the fracture surface. The 
outer area showed a darker color, where fibril-like structures seem to be embedded in the 
bulk material parallel to the fracture surface. This contrast indicates that the vicinity of the 
void undergoes ductile deformation before fracture, while the outer area still has brittle 





Figure 5.12 SEM images of cryofracture surfaces of (a) neat PMMA, (b) 




Figure 5.13 SEM images of tensile fracture surfaces of (a) neat PMMA, (b) 
PMMA_mCNC_2.0% and (c) PMMA_umCNC_2.0%. Scale bars are all 10 µm. 
 
5.5 Conclusion 
 In this chapter, acrylic functionalized CNCs were first incorporated into PMMA 
matrix with the solution-casting method to reinforce the mechanical performance. The 
modified surface chemistry contributed to the enhanced dispersion of m-CNCs in PMMA 
matrix and improved tensile strength. However, the residual DMF issue associated with 
the solution-casting method was identified with the results from ATR-FTIR, DSC and 
TGA. Two alternative processing methods in terms of polymerization and separation were 
developed and optimized. Although the bulk-pressing method increased the molecular 
weight of PMMA matrix, significantly reduced the residual DMF, and achieved higher 
tensile strength, the energy consuming drying process may neutralize these benefits. 
Meanwhile, the solution-pressing method can effectively remove DMF with a simple 
precipitation process. The resulted 2.0% m-CNC composite showed an 87.2% increase in 
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tensile strength compared to the neat PMMA samples. It was surprising that the solution-
pressing method achieved the highest tensile strength (53.7 MPa) of m-CNC composite 
samples with the lowest molecular weight of PMMA (40 kDa), while the solution-casting 
method gave the highest tensile strength as 26.2 MPa with a Mn of 47 kDa, and the bulk-
pressing method gave the highest tensile strength as 49.6 MPa with a Mn of 97 kDa. These 




CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 
6.1 Summary and Conclusions 
This work presents new insights for the effects of surface physical (morphology and 
mechanical property) and chemical properties on particle-particle and particle-matrix 
adhesion. The results demonstrate the successful completion of the specific objectives 
outlined in Chapter 1. The key findings for each objective are summarized as follows: 
6.1.1 Investigate micro particle-particle adhesion with a complex morphology 
In Chapter 2, we successfully quantified the interaction between two sunflower 
pollens with atomic force microscopy and customized pollen colloidal probes. The 
interaction between pollen grains showed distinctive behavior, compared with smooth 
particle-particle interaction or pollen-smooth surface interaction. The wide range of pollen-
pollen adhesion force suggested that pollen-pollen adhesion was highly dependent on the 
spine orientation. Five typical force-distance curves were identified from pollen-pollen 
interactions, suggesting that multiple adhesion mechanisms may govern the interactions 
between spiny microparticles.  
A hybrid model was developed based the Hamaker approach and Amontons’ law 
of friction to capture the unique pollen-pollen interaction. The Hamaker method was used 
to calculate the vertical adhesion between spines and bulk pollens as well as the lateral 
adhesion between two spines.  The lateral adhesion was then used as the applied loading 
to calculate the friction between two spines with Amontons’ law. Thus, a combination of 
adhesion and friction between pollen spines was introduced to explain and predict the 
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unique interaction behavior, such as reduced force-distance slope and plateau pull-off force 
upon particle separation.  
In addition to the morphology effect, the elastic modulus of micro particles can also 
influence the interaction forces between complex, spiny particles. For example, the 
deformation of pollen surface may increase the contact area and lead to larger adhesion. 
However, the modulus of sporopollenin, the polymer comprising the exine (outer solid 
shell) of pollens, is rarely reported. In order to characterize the mechanical properties of 
sporopollenin, pollen exines from three plant species were investigated in Chapter 3, 
including ragweed (Ambrosia artemisiifolia), pecan (Carya illinoinensis) and Kentucky 
bluegrass (Poa pratensis). Modulus was determined with atomic force microscopy by 
using direct nanomechanical mapping of the pollen shell surface. The moduli were 
atypically high for noncrystalline organic biomaterials, with average values of 16 ± 2.5 
GPa (ragweed), 9.5 ± 2.3 GPa (pecan) and 16 ± 4.0 GPa (Kentucky bluegrass). The 
amorphous pollen exine has a modulus exceeding all non-crystalline biomaterials, such as 
lignin (6.7 GPa) and actin (1.8 GPa). In addition to native pollens, it is also investigated 
that the effects of exposure to a common preparative acid-base chemical treatment and 
elevated humidity on modulus. Acid-base treatment reduced the ragweed modulus by up 
to 58% and water vapor exposure at 90% relative humidity reduced the modulus by 54% 
(pecan) and 72% (Kentucky bluegrass). The results suggested that sporopollenin is hard to 
be deformed by other amorphous biomaterials, which supported the protection function of 
pollen exnie to mechanical damage.  Therefore, the interaction between pollen grains is 
unlikely to be affected by large deformation. 
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6.1.2 Investigate nano particle-matrix adhesion with tailored surface chemistry 
In Chapter 4, a surface modification route was developed for cellulose nanocrystals 
to improve the particle-matrix adhesion and compatibility. Freeze dried CNC was modified 
with IEM to introduce acrylic functional groups on the surface for potential applications 
with acrylic polymer. The modification process is optimized to achieve a relatively high 
density of acryloyl groups on CNC surfaces. ATR-FTIR, XPS, solid state 13C NMR and 
elemental analysis confirmed the attachment of IEM and acrylic groups on CNCs. The 
surface degree of substitution is determined as between 0.28 and 0.40 based on the results 
of NMR and elemental analysis. XRD showed a slight decrease in the crystallinity index 
of CNCs from 91.4% to 72.1% after the modification. TGA showed the enhanced thermal 
stability with an increased onset temperature of degradation from 214 °C to 252 °C. Finally, 
the enhanced hydrophobicity of m-CNCs was confirmed with sessile water contact angle 
measurement, where the contact angle increased from 27 ° to 62 °. The m-CNCs showed 
better dispersion than um-CNCs in dimethyl formamide (DMF) and formed a clear 
suspension, while um-CNCs aggregated in DMF and resulted in a turbid suspension. The 
resulted m-CNC may serve as reinforcing agents in acrylic polymer matrix with improved 
dispersity and interfacial adhesion. 
In Chapter 5, we demonstrated the enhanced interfacial adhesion between the m-
CNCs and PMMA matrix with enhanced tensile strength. Both um-CNCs and m-CNCs 
were incorporated into PMMA matrix to investigate the reinforcement effect of m-CNCs 
in acrylic polymer. In general, polarized light microscopy (PLM) confirmed the enhanced 
dispersion of m-CNCs in PMMA matrix, while um-CNCs were visualized as micrometer-
sized aggregates. Therefore, PMMA/m-CNC composites retained high light transmission 
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(> 92%) with 2.0 wt% loading, while PMMA/um-CNC composites exhibited reduced light 
transmission down to around 75% with the same CNC loading. Three preparation processes 
of the composites were explored to optimize the mechanical performance of PMMA/CNC 
composites, including 1) in situ solution polymerization followed by solution casting 
(solution-casting); 2) in situ bulk polymerization followed by hot pressing (bulk-pressing); 
3) in situ solution polymerization followed by precipitation and hot pressing (solution-
pressing). The solution-casting route showed a 63.8% increment in tensile strength (26.2 
MPa) with m-CNCs at 1.0 wt% loading. However, residual DMF in the composite material 
compromised the mechanical properties due to its action as a chain transfer agent and 
plasticizer, which is confirmed with FTIR, thermal gravimetric analysis (TGA), and gel 
permeation chromatography (GPC). Bulk-pressing reduced the amount of residual DMF 
and increased the molecular weight, leading to 89.4% higher tensile strength (49.6 MPa) 
than the solution-casting route at 1.0 wt% loading. However, the dispersion of m-CNCs in 
the bulk-pressed composites was depressed due to the insufficient compatibility of m-
CNCs with the monomer in the initial suspension. The energy-consuming drying process 
also neutralized some benefits of the bulk-pressing method. The solution-pressing route, 
compared to the solution-casting method, further removed residual DMF early in the 
processing (during precipitation and washing), and achieved excellent dispersion of m-
CNCs in the PMMA as well. At 2.0 wt% loading modified CNCs increased tensile strength 
by 87.2% (from 28.7 MPa to 53.7MPa) with the solution-pressing route, which is 8.5% and 
117.2% higher than those of the bulk-pressing sample and the solution-casting samples, 
respectively. It was also surprising that the solution-pressing method achieved the highest 
tensile strength (53.7 MPa) of m-CNC composite samples with the lowest molecular 
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weight of PMMA (40 kDa), while the solution-casting method gave the highest tensile 
strength as 26.2 MPa with a Mn of 47 kDa, and the bulk-pressing method gave the highest 
tensile strength as 49.6 MPa with a Mn of 97 kDa. These results indicated the significant 
role of the interfacial adhesion in composite materials. The surface modification method 
could extend the application of CNCs to more acrylic products. 
6.2 Recommendation and future work 
Based on the findings of this work, several key scientific questions have been raised. 
The following sections seeks to provide possible directions for future studies. 
6.2.1 Investigate the effect of different morphology on particle-particle adhesion 
The first part of this work in pollen-pollen interaction successfully revealed that 
morphology effect on sunflower pollen interaction. In the preliminary experiments, two 
configurations, pollen to pollen and pollen (single spine) to flat surface, were compared to 
reveal the morphology effect. However, these two configurations are not sufficient to 
comprehensively interpret the morphology effect and the pollen-pollen interaction. In 
comparison with a flat and smooth surface (roughness<2nm), the substrate pollen not only 
has the echinate morphology, but also a non-zero curvature as well as a rougher surface 
between the spines. All characteristics mentioned above are expected to have an influence 
on the adhesion between pollen grains. To further identify these effects, other 
configurations need to be considered. The interaction between a pollen and a smooth 
spherical silica particle could be measured to isolate the effect of the curvature of the core 
of the pollen compared to the flat surface. Furthermore, pollen grains will also interact with 
a rough spherical particle. This configuration could reflect the effect of the roughness of 
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the pollen core on the pollen-pollen interaction. The nanoscale roughness can be fabricated 
and finely tuned by coating nanoparticles onto a silica microparticle,[183] which could be 
used to prepared rough particles with a comparable overall size to pollens. By introducing 
these new configurations of interacting, the morphology effect on the adhesion can be 
showed with an evolutionary configuration, from pollen-plane interaction, to pollen-
smooth spherical microparticle, pollen-rough spherical particle and pollen-pollen 
interaction.  
In addition, to further investigate the effect of the echinate morphology, we can 
take advantage of the diversity of pollen morphologies. Sunflower pollens have relatively 
long spines, while there are some species having shorter spines and relatively smaller 
nanoscale roughness, such as ragweed pollen and olive pollen. The length of spines, the 
packing density of spines and the overall radius of pollens could be altered by choosing 
pollens of different species. Characteristic parameters may be introduced to illustrate the 
echinate morphology such as the spine length, the spacing between spines or the packing 
density of spines, and the overall radius of the pollen, and to more quantitatively interpret 
the effect of micro-/nano-structures on the interaction. 
6.2.2 Hybrid modification of CNCs 
The work in Chapter 4 and Chapter 5 demonstrated the enhanced dispersion of the 
IEM-modified CNCs and improved interfacial adhesion in PMMA matrix due to the 
covalent bonds formed at the interfaces. However, the m-CNCs would still form aggregates 
and turbid suspension when they are dispersed in MMA monomer alone (without DMF) 
for bulk polymerization. This insufficient dispersity in MMA could be expected, since only 
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acrylic monomers were grafted onto the CNC surfaces without any long chains facilitating 
the dispersion. In addition, the degree of substitution is also relatively lower than the other 
modification method, such as esterification. Esterification is reported to have the highest 
degree of substitution in the literature.[169] Some esterification of um-CNCs with long 
alkyl chains can remarkably increase the compatibility with non-polar solvents. The ideal 
improvement for the work in Chapter 4 and 5 would be having long alkyl chains grafted 
on um-CNCs at one end, and have acrylic functional group at the other end, as well as a 
relatively high degree of substitution. However, this kind isocyanate compound is 
accessible from commercial supplies. An alternative way might be first graft the acrylic 
group on um-CNCs, then followed by another esterification step to further enhance the 
hydrophobicity. To the best of our knowledge, this kind of hybrid modification has not 
been reported for CNCs modification. Several problems may arise with this proposed 
method. Firstly, the process of the hybrid modification might be tedious, especially if two 
modification steps need to be done in different phases (organic and aqueous phases). The 
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